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Outline of this thesis 
 
The general aim of the studies described in this thesis was to analyse the secretory pathway 
in the filamentous fungus Aspergillus niger by identifying secretion related genes (small GTPases) 
and to characterize their functions in the secretion processes using Green Fluorescent Protein (GFP) 
reporter proteins. Furthermore, a new screening method was developed for isolation and 
characterisation of mutants that produce a heterologous model protein more efficienty than a wild 
type A. niger strain. In Chapter 1 the knowledge about the secretory pathway in the yeast S. 
cerevisiae has been used as starting point to discuss and review different aspects of protein 
secretion in filamentous fungi. Special focus is on the comparison of the presence and function of 
secretion related small GTPases in yeasts, mammalian cells and filamentous fungi. Chapter 2 
describes the visualisation of different cell organelles from A. niger using GFP-reporter proteins. 
To target GFP to a specific organelle, the GFP was fused to an organelle specific protein, or part of 
such a protein. In this way it was possible to visualize, nuclei, the endoplasmic reticulum (ER) and 
vacuoles. In addition, by fusing GFP to a protein that is efficiently secreted (glucoamylase), also 
the protein secretion process could be visualised. Chapter 3 describes the identification of several 
small GTPases in A. niger. The function of one of them, srgA, has been studied in more detail. In 
Chapter 4 the in depth functional characterisation of a second secretion related GTPase from A. 
niger named srgC is described. Here it is shown that this secretion related GTPase is specifically 
important for vacuolar biosynthesis which is visualized by the GFP-reporters described in chapter 
2. In Chapter 5 a study on heterologous protein production in A. niger is described. Here a novel 
screening method is used based on a fusion protein between the well secreted A. niger 
glucoamylase protein fused with a laccase from Pleurotus ostreatus. With this method laccase 
hyper-secretion mutants were isolated. 
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1. Protein secretion in filamentous fungi 
 
Filamentous fungi possess the capacity to secrete high levels of proteins and metabolites 
(e.g. organic acids) into their culture medium. Filamentous fungi are therefore widely exploited by 
different type of industries, to produce both proteins and metabolites commercially. Several fungal 
species, such as Aspergillus niger, A. oryzae, Trichoderma reesei, Acremonium chrysogenum and 
Penicillium chrysogenum, have the so-called Generally Recognized As Safe status (GRAS) that has 
been assigned by the US Food and Drug Administration (FDA). They can therefore be used for the 
production of (new) products by the food industry or for pharmaceutical purposes (Radzio and 
Kück, 1997; Archer, 2000; Punt et al., 2002). Aspergilli are known as high producers of organic 
acids. Citric acid (2-hydroxy-propane-1,2,3-tricarboxylic acid) is a bulk product, produced during 
fermentation of A. niger. 80-90% of the citric acid that is used in the beverage industry is produced 
by A. niger (reviewed in Ruijter et al., 2002). During industrial cultivation, filamentous fungi 
produce large amounts of extracellular proteins (e.g. α-amylase) up to 30 gram per liter (Durand et 
al., 1988; Finkelstein et al., 1989). Although the high secretion capacity of filamentous fungi is well 
recognized and highly exploited, little is known about the (molecular) mechanism(s) that enable 
filamentous fungi to produce and secrete these high levels of extracellular proteins. In 
Saccharomyces cerevisiae, bakers yeast, the protein secretion capacity is considerably lower than 
of filamentous fungi. Nevertheless, the secretory pathway has been studied in this lower eukaryote 
for many years in great detail. Therefore, we often use S. cerevisiae as a model system, although 
important differences between the secretion machinery of filamentous fungi and S. cerevisiae must 
exist to explain the much higher secretion capacity of filamentous fungi. Apart from the differences 
in the secretion capacity, the different morphology of budding yeast (S. cerevisiae) in comparison 
with filamentous fungi, also suggests differences in the organization of protein secretion pathway. 
Several of the similarities and differences between the protein secretory pathway in filamentous 
fungi and that of S. cerevisiae has been reviewed (Conesa et al., 2001). In contrast to S. cerevisiae, 
filamentous fungi have a highly polarized cell growth at the hyphal tip. The formation of side 
chains (branching) starts normally in sub-apical or basal regions of the main hyphae. Sub-apical 
parts of hyphae are compartmentalized by the formation of septa (Momany, 2002). This complex 
growth behaviour requires a more complex organization, communication and transport facilities 
over long distances between the different compartments of the hyphe. Unique for filamentous fungi 
is the presence of a Spitzenkörper (SPK) or Vesicle Supplying Centre (VSC) at the hyphal tip (Fig. 
1). The SPK is not a discrete membrane surrounded organelle, but it was shown to be a complex, 
multi-component structure dominated by small-sized vesicles (see for review Harris et al., 2005).  
Hyphal apices are assigned as the location of protein secretion and the secretion of 
extracellular proteins is thought to occur in areas of cell growth at which the SPK is localized 
(Wösten et al., 1991; Moukha et al, 1993; Lee et al., 1998; Gordon et al., 2000). The SPK is 
considered as an important structure for the efficient delivery of materials and proteins required for 
hyphal elongation and for efficient secretion of extracellular proteins by fusion of vesicles to the 
plasma membrane (Bartnicki-Garcia et al., 1989).  
Fundamental studies on the secretory pathway of filamentous fungi in relation to the unique 
way by which fungi sustain polarized cell growth will clearly contribute to the understanding of the 
very efficient secretion machinery that enables the fungus to produce high levels of extracellular 
proteins. 
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 Figure 1. Representation of the Spitzenkörper, picture from Grove and Sweigard, 1996. a. Phase-contrast 
micrograph of a hypha growing on a slide culture.  
b. Phase-contrast micrograph of the same hypha shown in panel an after aldehyde fixation. Panel a and b are shown at 
the same magnification. Scale bar = 10 µm.  
c. & d. Electron micrographs of near median thin sections of the same hypha shown in panel b. The cluster of vesicles 
in the apex has a distinct central region with fewer vesicles. This region corresponds to the phase-light central region of 
the Spitzenkörper seen in panel b. Panel c and d are shown at the same magnification Scale bar = 1 µm. 
 
 
2. General description of the secretory pathway in eukaryotic cells 
 
The secretory pathway is an eukaryotic specific system that allows transport of membranes 
and proteins to the cell surface. Depending on the final localization, proteins can end in the plasma 
membrane, the cell wall or they can be secreted into the growth medium. Comparison of the 
molecular mechanism of protein secretion in eukaryotic cells indicates that the process is highly 
conserved. The best characterized pathways are the secretory pathway in S. cerevisiae and in 
mammalian cells and these will be used as a reference. 
Transport of proteins through the secretory pathway consists of a number of defined 
transport steps between different intracellular compartments. After translocation of proteins into the 
endoplasmic reticulum (ER) they are transported via the Golgi apparatus to either the vacuole or to 
the plasma membrane. It is generally assumed that transport to the plasmamembrane is the default 
pathway (Fig. 2). Transport to e.g. the vacuole or the retention of proteins in the ER or Golgi 
requires so-called retention- or targeting signals. Protein transport through the different 
compartments is mediated by vesicles that bud from the donor compartment and fuse with the 
acceptor compartment (Rothman and Wieland, 1996). Before secretory proteins reach their final 
destination they are subjected to protein folding and specific modifications such as protein 
glycosylation and protein processing. These processes are performed in different intracellular 
compartments. In the following part protein folding, protein glycosylation, and protein processing 
are described and discussed in relation to their occurrence in the different cellular compartments. 
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Figure 2. ypt GTPases in the S. cerevisiae secretory pathway. Shown are the ypts that have a role in the exocytic or the 
endocytic pathway. Exocytic pathway compartments (I): ER, endoplasmic reticulum; Golgi; TGN, Trans Golgi 
Network (Golgi stacks are illustrative); PVC, Prevacuolar Compartment; LE, Late Endosome; EE, Early Endosome; 
secretory vesicles; Plasma membrane. Endocytic pathway compartments (II): Endocytosis to the Vacuole. 
 
 
3. Translocation and maturation in the ER 
 
Proteins destined for action within are transported via the secretory pathway, begin their 
journey by entering the ER. They are synthesized as precursor proteins and subsequently directed 
to the ER by a targeting signal, commonly referred as the signal sequence. This signal sequence is 
usually located at the N-terminal side of the proteins and consists of a continuous stretch of 
hydrophobic residues which mediates their translocation into the ER (Wilkinson et al., 1997). Two 
general pathways to translocated protein across the ER membrane have been described in S. 
cerevisiae i) the signal recognition particle (SRP) dependent pathway where translocation across 
the ER membrane occurs co-translationally ii) the SRP independent pathway that occurs post-
translationally (Lyman and Schekman 1996). In the SRP dependent pathway, the hydrophobic 
signal sequence of the protein is recognized by the SRP-complex (Walter et al., 2000) that is 
present in the cytosol. When the SRP-complex is bound to the signal sequence, translation is 
arrested and the ribosome-peptide-SRP complex docks on the SRP receptor (SRPR), which is 
present in the ER membrane. After docking, the SRP is released and protein synthesis is resumed 
and the polypeptide chain is co-translationally translocated through the Sec61p translocon complex 
(Plath et al., 2004). Posttranslational protein translocation occurs in a SRP-independent way. In this 
case interaction occurs between the protein and the cytosolic chaperone Hsp70 (Heat Shock Protein 
70). By this interaction the polypeptide chain maintains unfolded and is directed to the ER 
membrane where the hydrophobic signal sequence interacts with the Sec62p-Sec72p-Sec73p-
Sec63p transmembrane complex (Wittke et al., 2000). 
ER Golgi 
TGN
PVC/LE 
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Anterograde transport 
Retrograde transport 
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 II 
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Chapter 1 
Inside in the ER the luminal chaperone BiP (Binding Protein), bound to Sec63p, interacts 
with the incoming polypeptide chain, assisting in this way its translocation through the Sec61p 
channel. This interaction occurs both in the SRP-dependent and SRP-independent pathway. In most 
cases, the signal sequence is cleaved by signal peptidase complex during translocation. Some 
proteins keep their signal sequence as a membrane anchor (Orlean and Menon, 2007). Specific 
genes involved in the translocation process have been cloned such as the ER chaperone, BiP, from 
A. niger (van Gemeren et al., 1997) and A. awamori (Hijarrubia et al., 1997). The putative genes 
encoding the proteins of the molecular machinery, for translocation of proteins over the ER 
membrane in filamentous fungi, have been identified and annotated (Pel et al., 2007). It is generally 
assumed that the complete translocation processes is also functional in filamentous fungi but has 
not been addressed experimentally. An overview of proteins from S. cerevisiae involved in the 
protein translocation process and proteins folding process and their homologs in A. nidulans and A. 
niger are displayed in table 1. 
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3.1 Protein folding 
 
It is essential that the translocated proteins are properly folded to be functional. Protein 
folding of secretory proteins takes place in the lumen of the ER. To facilitate proper folding of the 
proteins, helper proteins, called chaperones and foldases, assist in the process of folding. After 
translocation, proteins are folded through several cycles assisted by ER-chaperones interacting with 
the hydrophobic regions of the secretory proteins. Incomplete folding leads to  proteins bound by 
one or more chaperones resulting in ER retention (Helenius et al., 1997; Hellmann et al., 1999). 
The retained proteins either have acess to new folding cycle or are targeted to ER Associated 
Degradation (ERAD). Chaperones identified in the yeast S. cerevisiae are discussed below.  
Protein Disulphide Isomerase (PDI) is an enzyme, located in the ER, which creates or 
rearranges disulphide bonds (Xiao et al., 2004) and is essential for correct disulphide bond 
formation in a protein to be folded. Three genes encoding PDIs are identified in yeast, EUG1, 
MPD2 and EPS1 that promote correct folding of proteins where disulphide bonds are present 
(Klappa et al., 1998; Wang et al., 1998). 
Another well studied ER resident protein is the chaperone protein BiP, encoded by KAR2. 
BiP is involved in several processes such as, protein translocation, protein folding, protein 
assembly and protein degradation. Cer1p/Lhs1p/Ssi1p is a chaperone that functions in the SRP-
independent translocation pathway and is a member of the Hsp70 class of proteins and has 
overlapping functions with BiP. It has been shown that Cer1p provides extra chaperoning activity 
in processes that require the action of BiP (Hamilton et al., 1999). Cpr2/4/5 and Fpr2, encode 
peptidyl prolyl isomerases (PPIase) and have also their function in the ER. PPIases consists of two 
major families: the cyclophilins and the FK-506 binding proteins (FKBPs). PPIases catalyses the 
isomerisation of cis and trans peptide bonds on the N-terminal site of proline residues. Furthermore, 
they have been shown to accelerate protein folding in vitro (Freskgard et al., 1992; Kops et al., 
1998). Calnexin (CNX), Cne1, and calreticulin (CRT), are two homologues lectins chaperones that 
specifically interact with trimmed monoglucosylated N-linked oligosaccharides in the so-called 
calnexin-calreticulin cycle. CNX and CRT are essential in the maturation process of proteins and 
the quality control mechanism in the ER lumen (Helenius, 2001). A putative gene encoding CRT 
could not be identified in the known filamentous fungal genome sequences. 
Folded proteins enter a quality control step to ensure proper folding. The quality control 
(QC) in the ER lumen is a system that sorts the incompletely folded and misfolded proteins from 
the complete folded proteins. Incomplete folded or misfolded proteins are recognized by QC and 
retained in the ER. The control mechanism is applied to all proteins and is based on common 
structural features (at a general level). Proteins involved in QC, also called the calnexin/calreticulin 
cycle, are chaperones and folding sensors which include BiP, CNX, CRT and PDI. Briefly, in the 
calnexin/calreticulin cycle, monoglycosylated proteins cycle between de- and reglycosylation by α-
glucosidase II and uridine diphosphate (UDP)-glucose:glycoprotein glucosyl transferase (UGGT) 
activities (Ellgaard et al., 1999). If the monoglycosylated protein is bound to CNX and CRT it is 
retained in the ER. When the protein is properly folded, demannosylation by α(1,2)-mannosidase I 
occurs and the folded protein exits the folding cycle and may be packed in a vesicle and transported 
to the Golgi. As long as newly synthesized proteins interact with ER chaperones from the QC 
system, these proteins are recognized as incompletely folded proteins (Helenius, 2001; Ellgaard and 
Helenius, 2003). In some cases proteins stay in an incomplete folded form after several ‘cycles’ of 
folding. These proteins are eliminated via the proteasome-mediated ER Associated Degradation 
(ERAD) system (Holkeri et al., 1998, Sommer and Wolf, 1997; Brodsky and McCracken, 1999; 
Jarosch et al., 2002). This process involves the export or ‘retro-translocation’ of the unfolded 
proteins to the cytoplasm for degradation (reviewed by Brodsky and McCracken, 1999). When the 
number of unfolded protein raises in the ER the so called unfolded proteins response (UPR) is 
activated. UPR is a regulatory system that maintains the homeostasis of the ER functions under 
stress conditions by detecting the presence of unfolded proteins (reviewed by Schröder and 
Kaufman, 2004). It responds with the overproduction of ER resident chaperones to increase the 
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protein folding capacity. Friedlander et al. (2000) showed in S. cerevisiae that the UPR pathway is 
regulatory linked to the ERAD pathway. Absence of activity of the ERAD enzymes Ubc7 and 
Ubc1 resulted in the induction of UPR. Furthermore, it was shown that UPR activity is required to 
increase ERAD activity (Friedlander et al., 2000). 
Over the last decade, many studies have been focussed on the improvement of 
(heterologous) protein production by filamentous fungi. To optimize or increase protein production, 
chaperones and foldases have been overexpressed with various results (van Gemeren et al., 1998; 
Punt et al., 1998; Wang and Ward, 2000; Ngiam et al., 2000; Conesa et al., 2002). Recently, is has 
been shown that (heterologous) protein production could be improved by overexpressing the UPR-
induced (activated) form of the A. niger var. awamori hacA gene that results in the constitutive 
induction of the UPR pathway (Valkonen et al., 2003). 
In filamentous fungi several different chaperones have been identified (Table 1). For the 
yeast chaperone CER1/LHS1/SSI1 no homologue has been identified in filamentous fungi. In A. 
niger, PDI, PPIases and CNX homologs have been isolated Table 1). 
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3.2 Protein glycosylation and GPI-anchor biosynthesis 
 
Most plasma-membrane and secretory proteins that have entered the ER become 
glycosylated, at either serine or threonine residues (O-glycosylation) or at asparagine residues (N-
glycosylation). The O-linked glycosylation is initiated by an enzyme called protein O-mannosyl 
transferase which uses Dol-P-Man as a donor and catalyses the transfer of a single Man residue 
from Dol-P-Man to a serine (Ser) or a threonine (Thr) residue. S. cerevisiae contains seven genes 
encoding protein O-mannosyl transferases, Pmt1p-Pmt7p (Girrbach and Strahl, 2003). Additional 
mannose residues are attached after transport of the glycoproteins to the Golgi. In the Golgi the 
next mannose residue is donated by GDP-Man and attached by an alpha1,2 mannosyltransferase. In 
S. cerevisiae mannosyltransferase families such as the KTR family and MNN1 family have been 
studied in detail (Lussier et al., 1999). The KTR family contains nine members (KRE2, YUR1 and 
KTR1-7) and the MNN1 family contains six members (MNN1, TTP1, YGL257c, YNR059w, 
YIL014w and YJL86w). Proteins from these families are involved in catalyzing the addition of 
mannose residues resulting in the elongation of O-linked sugar chains. The final chain may consist 
up to five mannose residues. In the filamentous fungus A. nidulans a Pmt mutant has been 
described as a Swo (swollen cells) mutant (Momany et al., 1999) as the phenotype is 
complemented by O-mannosyl transferase pmtA (Shaw and Momany, 2002). This gene was 
identified by complementation of a temperature sensitive mutant cell that displayed swollen 
hyphae. This result indicates that the process of O-linked glycosylation is important for proper 
spore germination. 
N-glycosylation of proteins starts with the transfer of a preassembled oligosaccharide 
Glc3Man9GlcNAc2 to a selected asparagine (Asn) residue in the amino acid sequence NXS/T 
(Asn-X-Ser/Thr), where X can be any amino acid except proline (Pro). The different steps in the 
assembly of the N-linked Glc3Man9GlcNAc2 moiety has been studied in great detail. All the genes 
and proteins catalyzing the various steps are known (see for review Parodi, 2000). The transfer is 
catalyzed by an oligosaccharyl transferase enzyme (OT) complex. This complex consists of at least 
nine subunits, Ost1p, Ost2p, Ost3p, Ost4p, Ost5p, Ost6p, Stt3p, Wbp1p and Swp1p (Chavan et al. 
2005). The glucose residue of the core oligosaccharide plays an important role during the QC-
process. The terminal glucose residue is removed by glucosidase I (GI) which is a membrane bound 
α(1,2)glucosidase. Trimming of the other glucoses is mediated by glucosidase II (GII), a luminal 
α(1,3)glucosidase resulting in Man9GlcNac2. If proper folding of the protein did not occurred yet, 
the olisaccharide core structure can be reglucosylated by UDP-Glc:glycoprotein glycosyl 
transferase (GT) which adds a single glucose residue in a α (1-3) bond to Man7-9GlcNAc2 
resulting in Glc1Man7-9GlcNAc2 glycans. Proteins with this type of glycosylation are recognized 
by lectins in the ER which are involved in the calnexin-calreticulin cycle (see section 3.1). 
Proteins that receive a GPI-anchor have a C-terminal hydrophobic motive (Caro et al., 1997). This 
motive is cleaved-of and replaced by a pre-assembled GPI-anchor that is bound to the protein 
through an ethanolamine-phosphate (part of the GPI-anchor). Furthermore, the GPI-anchor consists 
of Man-α-1,2-Man-α1,6-Man-α-1,4-GlcN-α1,6-inositol linked barebone structure that is linked to a 
phospholipid. The lipid portion may constitute either a diacylglycerol or a ceramide molecule 
(Pittet and Conzelmann, 2007). 
When proteins are correctly folded and in some cases has obtained a GPI-anchor, they are 
ready to leave the ER. Proteins are exported from the ER in transport vesicles to the Golgi-
apparatus (see section 4.1). 
 
3.3 Protein processing 
 
Some of the proteins that are secreted by yeast and mammals cells are processed during 
their transport trough the secretion pathway. This processing occurs, among others, in the trans-
Golgi network by the kexin family of proteases. The kexin-family consists of S. cerevisiae Kex2-
like proteases (EC 3.4.21.61), mammalian prohormone convertases (PCs) (EC 3.4.21.93, EC 
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3.4.21.94) and furins (EC 3.4.21.75). All proteases of the kexin-family consist of two domains, a 
subtilisin-like domain with catalytic properties and a conserved P or Homo B domain which is 
essential for protein stability (Lipkind et al., 1998) and catalytic activity (Nakayama, 1997). Kexin-
like proteases have a single transmembrane domain and Kex2p, cloned from S. cerevisiae (Brenner 
and Fuller, 1992), contains a Golgi retrieval signal (Wilcox et al., 1992). Kex2p homologues have 
also been identified in several filamentous fungi including Aspergillus niger (Heerikhuisen et al., 
2000; Punt et al., 2003; Jalving et al., 2000), KexBp/PclA and A. nidulans (Kwon et al., 2001), 
KpcAp. KexB/PclA has been described as a furin-type/kexin like endoprotease and is involved in 
the maturation of native glucoamylase and cleavage of artificial fusion proteins (Jalving et al., 
2000; Punt et al., 2003) in the Golgi. 
 
 
4. Intracellular protein transport 
 
4.1 ER to Golgi transport 
 
The ER to Golgi transport step is the initial step in protein secretion pathway where ER 
localized proteins are selectively packed into transport vesicles and transported to the Golgi. This 
event requires the recruitment of cytoplasmic resident proteins like the coatomer protein II complex 
(COPII), consisting of Sar1p, Sec23p-Sec24p and Sec13p-Sec31p (Kirchhausen, 2001; Haucke, 
2003; see section 7.1 for details) at special ER exit sites. Furthermore the protein complexes, 
TRAPPI and TRAPPII (transport protein particle) (Sacher et al., 2001) and COG (Conserved 
Oligomeric Golgi) complex seem to play a role in the targeting/attachment of vesicles to the Golgi 
membrane (reviewed in Oka and Krieger, 2005). The cytosolic proteins gather at so called 
transitional ER sites (tER) where vesicle budding is initiated (reviewed by Tang et al., 2005). Once 
the budding event is completed, COPII proteins dissociate from the vesicle which is transported via 
microtubules to the Golgi (anterograde transport) (Gorelick and Shugrue, 2001). The COPII 
transport step is coupled with COPI-mediated retrograde traffic (Kirchhausen, 2001) to form a 
transport circuit between the ER and Golgi. This bi-directional vesicular transport is required for 
protein retrieval of ER residential proteins, recycling of membrane bound transport factors and/or 
recycling of mis- or unfolded proteins (see section 5.1).  
When transport vesicles from the ER with selectively packed proteins arrive at the 
appropriate acceptor compartment, the cis-Golgi network (CGN), vesicle docking occurs. This is 
mediated by secretion related small GTPases, soluble NSF attachment protein receptors (SNAREs) 
and tethering factors (reviewed in van Vliet et al., 2003; 7.2). After docking of the vesicle, 
membrane fusion occurs and the cargo is released into the CGN. Proteins are transported through 
multiple Golgi stacks to the trans-Golgi network (TGN). During their journey proteins receive 
additional mannosylation on their core glycosylation. In the TGN post-translational modifications 
of proteins takes place such as glycosylation and proteolytic processing. These modifications are 
carried out by resident proteins which include Type I and type II membrane proteins (C-terminus 
peripheral or luminal, respectively), multimembrane-spanning proteins, peripheral membrane 
proteins and soluble luminal proteins. The proteolytic processing of e.g. pheromone α-factor is 
done by a type I membrane protein, named, Kex2p which is a serine endo-protease (Redding et al., 
1991). Kex2p cleaves peptide substrates at the carboxyl side of Lys-Arg and Arg-Arg sites and is 
required for processing of pro-α-factor, the precursor of pheromone α-factor. Kex2p itself is 
translated as a pro-Kex2 protein. After translocation into ER the pro-peptide is cleaved and folding 
of the catalytic domain occurs. Kex2p protease becomes active in the TGN (Wilcox and Fuller, 
1991). The specificity of Kex2 endoprotease processing (cleavage at residues Lys/Arg-Arg) has 
resulted in the usage of the cleavage site in heterologous protein production where fusion protein 
strategies are applied to optimize secretion. The heterologous gene of interest is fused to the coding 
sequence of a naturally, well secreted protein, a so called, carrier protein resulting in the 
improvement if protein yields (reviewed by Gouka et al., 1997). During intracellular transport of 
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the fusion protein the heterologous part is stabilized together with the, normally, well secreted 
protein and the Kex2 processing allows the heterologous protein to be secreted in the extracellular 
medium separately from the homologous protein (Mikosch et al., 1996; Gouka et al., 1997) . 
From the TGN, proteins can be targeted to different locations, which include the vacuole, 
plasma membrane, the cell wall or the extracellular medium. Proteins targeted to the plasma 
membrane follow the default route of the secretory pathway. In this post-Golgi secretion step are 
protein complexes involved like, AP-1 through AP-3 (adaptor protein) and GGA proteins (Golgi-
localized, Gamma-ear-containing, ARF-binding proteins) (Boman, 2001). These complexes are 
necessary for vesicle formation at the TGN membrane and thereby sorting proteins. Vacuolar 
proteins contain specific targeting signals that direct these proteins to the vacuole.  
The ER to Golgi transport in filamentous fungi is assumed to be similar to the ER to Golgi 
transport in yeast. The isolation of the sarA gene from A. niger and T. reesei (Veldhuisen et al., 
1997), the homologue of yeast SAR1, indicate the presence of similar transport steps in filamentous 
fungi. Furthermore, homologous genes of S. cerevisiae ypt1 and mammalian RAB2 genes have been 
isolated from A. niger. These genes are involved in ER to Golgi transport step, and are named srgB 
and srgD (Punt et al., 2001; Chapter 3). This favours the idea that a similar molecular mechanism 
of this transport step occurs in filamentous fungi. 
 
4.2 Golgi to the vacuole transport 
 
Vacuoles are the largest organelles in eukaryotic cells and are known to serve as storage 
compartment of metabolites and functions as the main degradation site in the cell (Thumm, 2000). 
Proteins destined for the vacuole contain targeting signals that are recognized by receptor proteins 
which ensure transport to the vacuole. This is well studied in S. cerevisiae with two model proteins, 
Carboxypeptidase Y (CPY) and Alkaline phosphatase (ALP). The sorting mechanism is controlled 
by well conserved proteins. A protein destined for the vacuole is the Carboxypeptidase Y. Its 
trafficking to the vacuole has been well characterized and called the ‘CPY pathway’. This pathway 
includes all type of soluble (luminal) vacuolar proteins (Kucharczyk and Rytka, 2001). The CPY 
pathway consists of transit of the CPYP2 from the Golgi to the vacuole via a prevacuolar 
compartment (PVC) (Vida et al., 1993). Genes involved in vacuolar protein sorting are designated 
as VPS genes. 55 genes (VPS1-55) have been identified that are required for CPY to reach the 
vacuole (Raymond et al., 1992). In S. cerevisiae VPS1 is one of the genes that plays a role in the 
formation of vesicles derived from the TGN (Nothwehr et al., 1995). Recently, the homologos gene 
of VPS1 has been isolated from A. nidulans, vpsA (Tarutani et al., 2001), which is also involved in 
vacuolar biogenesis like VPS1 in S. cerevisiae. Vps10p is one of the transmembrane receptor for 
CPYP2 in the TGN (Marcusson et al., 1994). Vps10p binds CPYP2 at the TGN and triggers vesicle 
formation. After vesicle formation the vesicle is dissociated from the Golgi and transported to the 
PVC in a VPS45-dependent way. Here CPYP2 is released from its receptor and further transported 
to the vacuole where CPYP2 is cleaved by vacuolar proteases into its active form, mCPY. Cells 
lacking the Vps10p secrete more than 90% of their CPY in the cultivation medium, although no 
defects in vacuole assembly or morphology have been observed. Other CPY receptors are VTH1 
and VTH2 which are functional receptors for CPY (Cooper and Stevens, 1996; Westphal et al., 
1996). Analyzing mutants defective in trafficking into or out of the PVC revealed that some soluble 
proteins and membrane proteins like alkaline phosphatase (ALP) still were localized normally in 
the vacuole (Raymond et al., 1992; Bryant and Stevens, 1998; Kucharczyk and Rytka, 2001). This 
suggested a second, PVC-independent, pathway. This is called the ‘ALP pathway’.  
Proteins travelling via the ALP pathway bypass the PVC (Bryant and Stevens, 1998). These 
Proteins are sorted into another class of vesicles at the TGN by which formation different 
regulatory proteins are involved. The adaptor protein (AP)-3 is a complex consisting of Ap15p, 
Ap16p, Apm3p and Aps3p which is required in the ALP pathway to the vacuole (Stepp et al., 1997; 
Kurcharczyk and Rytka, 2001). Other proteins involved in the ALP pathway specifically involved 
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in membrane association of the AP3-complex are Vps41p, Vam2p (altered vacuole morphology) 
and Arf GTPases (Rehling et al., 1999). 
In filamentous fungi no homologous genes encoding proteins of the AP-3 complex, have 
been described. One of the secretion-related small GTPases in S. cerevisiae, that plays a role in 
protein transport to the vacuole, is Ypt7p. In A. nidulans the isolation and characterization has been 
described of avaA (Ohsumi et al., 2002) which is the homologue of the S. cerevisiae gene. 
Disruption of the avaA gene in A. nidulans results in a viable mutant with severely inhibited growth 
containing highly fragmented vacuoles which has also been found for the null mutation of YPT7 in 
S. cerevisiae. This suggests that the fungal homologue is involved in vacuolar biogenesis, like 
Ypt7p. However, complementation with avaA cDNA in an YPT7 null mutant was not successful 
(Ohsumi et al., 2002). 
 
4.3 Golgi to plasma membrane transport 
 
Proteins that lack a vacuolar targeting signal are packed in the TGN into vesicles and 
transported to the plasma membrane. Transport of secretory vesicles towards the plasma membrane 
depends on the actin cytoskeleton which is involved in polarized growth in yeast cells, 
pseudohyphae and hyphal cells (Crampin et al., 2005). Nucleation of the actin cables is mediated 
by the polarisome protein complex (Bud6p, Spa2p, Bni1p) in S. cerevisiae. In filamentous fungi a 
special structure, called the Spitzenkörper (apical body) is present, which is located at or just 
behind the hyphal tip. The Spitzenkörper seems responsible for the direction of hyphal growth 
(Harris et al., 2005). The Spitzenkörper consists of a vesicle supply center (VSC) where secretory 
vesicles arrive, radiate and travel to the cell surface (Bartnicki-Garcia et al., 1989). In S. cerevisiae 
docking of transport vesicles with the plasma membrane has been shown to involve a protein 
complex known as the ‘exocyst’ (TerBush et al., 1996). The exocyst complex comprises at least 
eight proteins; Sec3p, Sec5p, Sec6p, Sec8p, Sec10p, Sec15p, Exo70p and Exo84p (Lipschutz and 
Mostov, 2002). The exocyst proteins localize to regions of active cell surface expansion where they 
mediate docking and fusion of secretory vesicles. The Sec4 protein plays an essential role in vesicle 
transport from the TGN to the plasma membrane (Guo et al., 1999) and acts upstream of the 
exocyst (Gou et al., 1999). The GTP-bound form of Sec4p on the secretory vesicle interacts with 
Sec15p of the exocyst complex to trigger further interaction of the exocyst complex at the plasma 
membrane leading to docking and fusion of the secretory vesicle. The Sec3p marks specific sites 
for exocytosis. 
In A. niger, a S. cerevisiae SEC4 homologue, srgA has been identified and characterized 
(Punt et al., 2001). The protein encoded by srgA is involved in protein secretion, hyphal polarity 
and sporulation. Despite of the fact that SEC4 is the closest homologue, srgA, is unable to 
complement a S. cerevisiae SEC4 mutant and is not essential for cell viability (Punt et al., 2001; 
Chapter 3). Genes encoding for any protein of the exocyst complex from yeast have been identified 
in the genome of different filamentous fungi through genome database mining but have not been 
yet studied (Pel et al., 2007). 
 
4.4 Endocytosis  
 
 
Endocytosis is a process where membrane proteins, lipids, extracellular ligands and soluble 
molecules from the cell surface are internalized. In yeast, the first step of protein endocytosis 
requires ubiquitination of the cytoplasmic domain of proteins at the plasma membrane by the 
ubiquitin ligase Rsp5p (Blondel et al., 2004). Pheromone receptors such as the α-factor, Ste3p 
(Roth and Davis, 1996) or the receptor for α-factor, Ste2p (Hicke and Riezman, 1996), are 
internalized in a regulated way by ubiquitilation. Most ubiquitilated proteins from the plasma 
membrane are then targeted for degradation to the lysosome/vacuole (Horak, 2003; Hicke and 
Dunn, 2003). Ubiquitin is a highly conserved protein which is found in all eukaryotic cells. Its 
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conjugation to the protein substrate happens in a three way cascade mechanism. Firstly, ubiquitin is 
activated through ATP by an ubiquitin activating protein, the E1 enzyme. Ubiquitin is transferred to 
the active cysteine site of an ubiquitin-conjugate enzyme, the E2 enzyme. Finally, an ubiquitin 
protein ligase (E3) that determines the final substrate and specificity binds both the E2 enzyme and 
the selected substrate and catalyzes the transfer of ubiquitin from the E2 enzyme to the substrate. 
Additional ubiquitination of protein substrates, polyubiquitination, is required to act as a 
degradation signal. E4 enzymes support the formation of multi-ubiquitin conjugates (reviewed by 
Nandi et al., 2006). 
Clathrin-coated pits at the plasma membrane have also been identified as specialized plasma 
membrane domains mediating endocytosis in mammalian cells (Mukherjee et al., 1997). The 
process consists of membrane budding and fission of the vesicle formed. The clathrin coat consists 
of two major protein complexes, clathrin (triskelion) and heteromeric clathrin adaptor proteins 
(APs). Clathrin together with AP1 is also involved in other trafficking steps like, TGN to endosome 
trafficking. AP2 is involved in the endocytosis by interacting with sorting signals in the 
cytoplasmic domain of transmembrane proteins. AP2-like proteins are also identified in yeasts but 
seem not necessary for endocytosis because experiments showed that AP2 fails to associate with 
clathrin (Huang et al., 1999; Yeung et al., 1999). Endocytosis in yeast occurs without the 
interaction of clathrin and therefore requires a correct organization of the actin cytoskeleton 
(D’Hondt et al., 2000). Genes encoding actin binding proteins are required for the correct 
organization of the cytoskeleton and thus for endocytosis (e.g. End7p, End6p/Rvs161p, 
End5p/Vrp1p, End3p, End4p/Sla2p Arp2p, End9p). The precise role of actin in endocytosis is still 
unclear but a correct cytoskeleton is also required for endocytosis in mammals (Lamaze et al., 
1997). Proteins required for endocytosis and linked to the actin cytoskeleton are End3p, Pan1p and 
Ent1p/2p (Wendland et al., 1998). These proteins also seem to have ubiquitin binding domains 
which give them a possible function as adapter complexes for ubiquitin dependent endocytosis. The 
different types of endocytosis have been strongly conserved throughout the evolution. The function 
of genes encoding proteins that are involved in the endocytosis mechanism in filamentous fungi 
have not been studied in detail but all proteins that may play a role in endocytosis are already 
identified in Neurospora crassa (Galagan, et al., 2003). 
 
 
5. Retention and targeting signals 
 
It is generally assumed that the secretion of proteins from the ER to the Golgi and 
subsequent packaging into secretory vesicles and transport to the plasma membrane is the default 
route for secretory proteins (Gozalbo et al., 1992). Intracellular localization of organelle resident 
proteins depends on specific retention or targeting signals. The different organelles within the 
secretory pathway have developed different mechanism to localize ‘their’ proteins into ‘their’ 
organelles. 
 
5.1 Endoplasmic reticulum retention- and retrieval signals 
 
In the ER, a continuous process of translocation, protein folding and protein export takes 
place. The ER therefore requires efficient machinery that allows the export of vacuolar or secretory 
proteins while keeping its own unique set of ER-resident proteins in the ER. ER resident proteins 
that are accidentally packed into ER to Golgi transport vesicles are retrieved from the Golgi via 
COPI retrograde transport vesicles (McMahon and Mils, 2004). Different retention signals for ER 
resident proteins have been identified. Soluble ER proteins contain a tetrapeptide that is located at 
the C-terminus of the protein, consisting of the amino acids, -His-Asp-Glu-Leu, -KDEL, -HDEL 
(Pelham, 1996) or –DDEL (Lewis et al., 1990). When ER resident proteins are accidentally 
transported from the ER to the Golgi, the retention signal is recognized by H/KDEL receptor 
encoded by the erd2 gene (Lewis and Pelham, 1990). This receptor together with the escaped ER 
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protein is returned to the ER by retrograde vesicle transport. Deletion of the H/KDEL sequence 
from ER resident proteins result in their secretion, while addition of an ER retention signal to, 
normally secreted proteins, results in ER localization (Munro and Pelham, 1987). Type I 
transmembrane proteins like the H/KDEL receptor, Erd2p, contains a di-Lysine (KKXX or 
KXKXX) motif near the C-terminal end of the cytoplasmic domain that functions as a retrieval 
signal (Vincent et al., 1998) and can interact with the COPI complex. Type II transmembrane 
proteins have a double-Arginine motif at their N-terminal for ER localization. Addition of this 
motif to a cell surface transferring receptor (type II) protein resulted in targeting to the ER (Schutze 
et al., 1994). For transmembrane proteins involved in the formation of ER vesicles not only a 
specific receptor in the Golgi, but also the transmembrane domain of the transmembrane protein is 
necessary for retrieval of the protein to the ER (Sato et al., 1996). In filamentous fungi 
corresponding ER retention sequences have been reported, HDEL, KDEL and HEEL for A. niger 
(Jeenes et al., 1997; Ngiam et al., 1997; van Gemeren et al., 1997; Wang and Ward, 2000; Derkx 
and Madrid, 2001). It has also been shown that the C-terminal addition of the sequence HEEL or 
HDEL is sufficient for retention of the Green Fluorescent marker Protein (GFP) within the ER 
(Gordon et al., 2000; Derkx and Madrid, 2001). 
 
5.2 Golgi localization signals 
 
A number of targeting and retention/retrieval signals have been identified for resident Golgi 
proteins in both yeast and mammalian cells. One of the mechanisms of retention of Golgi resident 
proteins in yeast has been studied through the Golgi protein dipeptidyl aminopeptidase (DPAP) A, 
which is one of the three resident Golgi proteases along with Kex1p and Kex2p. DPAP A is a Golgi 
protein that contains an N-terminal cytoplasmic domain, a transmembrane domain and a large 
luminal domain. Nothwehr et al. (1993) showed that an 8-amino acid peptide sequence within the 
DPAP A cytoplasmic domain containing a FXFXD (Phe-X-Phe-X-Asp) motif is required for 
efficient Golgi retention of the protease. Other Golgi localized proteins in S. cerevisiae are Kex1p 
(carboxypeptidase) and Kex2p (endopeptidase). These proteins consist of a luminal activity 
domain, a P-domain, a single transmembrane domain (TMD) and a cytoplasmic tail that contains 
two Tyr residues (Wilcox et al., 1992; Cooper and Bussey, 1992). The Kex2p has 30 residues at the 
cytoplasmic tail which contains a retention signal with the consensus, YXFXXI (Wilcox et al., 
1992). Furthermore, it is suggested that Kex2p cycles between the TGN and the plasma membrane 
(Wilcox et al., 1992). An example from mammalian cells is, TGN38, a type I transmembrane 
protein, that also cycles between the TGN and the plasma membrane. Type I transmembrane 
proteins have their N-terminus in the lumen and the C-terminus in the cytoplasm. This protein 
contains a tyrosine-based motif SDYQRL located near the COOH-terminal end of the cytoplasmic 
tail of the protein. This motif is essential for localization of the protein in the TGN (Bos et al., 
1993; Humphrey et al., 1993; Wong and Hong, 1993). Another example is the endoprotease, furin, 
which has two separate signals; one for retrieval from the plasma membrane to the Golgi (YKGL) 
and one for retention at the Golgi, an acidic cluster containing two serine residues (Jones et al., 
1995; Takahashi et la., 1995). Glycosyltransferases (type II transmembrane proteins) are also Golgi 
resident proteins that have similar domain structure among each other (short N-terminal 
cytoplasmic tail, transmembrane domain, C-terminal luminal domain and catalytic domain). 
Nevertheless, this has not led to the identification of specific targeting signals for these type of 
proteins (van Vliet et al., 2003). 
 In the filamentous fungus A. niger kexB/pclA, the homologue of the S. cerevisiae KEX2 
gene has been isolated (Heerikhuisen et al., 2000; Jalving et al., 2000, Punt et al., 2003). 
KexBp/PclAp (EMBL accession Y18127) has similar structural regions when compared to Kex2p 
from yeast. These regions are; a transmembrane domain, a retention signal YDFEMI which is 
similar to the consensus sequence of kex2p (YXFXXI; Wilcox et al., 1992) and a COOH-terminus 
cytoplasmic tail. The similarity of the retention signal in A. nidulans demonstrates that the retention 
mechanism in yeast and filamentous fungi might be conserved. KpcAp, the homologue of yeast 
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Kex2p in A. nidulans, shows similar protein structure and similar substrate specificity to that of A. 
niger KexBp/PclAp and yeast Kex2p (Kwon et al., 2001). 
 
5.3 Targeting to the vacuole; the role of vacuolar proteins sorting proteins (VPS) 
 
Genetic screens in yeast have identified over 60 vacuolar protein sorting (VPS) genes 
divided into six classes (Class A-F) which are involved in protein trafficking to the vacuole 
(Bankaitis et al., 1986; Rothman and Stevens, 1986; Banta et al., 1988; Robinson et al., 1988; 
Raymond et al., 1992; Bryant and Stevens, 1998). Carboxypeptidase Y (CPY), a vacuolar 
hydrolase, binds to Vps10p through a 4 four amino acid sequence in the N-terminal part of the 
protein (QRPL) (Cooper and Stevens, 1996; Valls et al., 1990, Chapter 2 and Chapter 4). Vps10p is 
a receptor from Class A which binds hydrolases in the TGN which are transported to the 
prevacuolar compartment by transport vesicles. CPY is transported from the prevacuolar 
compartment to the vacuole and Vps10p returns from the prevacuolar compartment to the TGN for 
repeating the CPY transportation. Mislocalization of Vps10p to the yeast vacuole results in a defect 
in sorting of vacuolar hydrolases (e.g. CPY) to the vacuole. This indicates the importance of 
retrieval of receptors from the forward pathway and suggests thatVps10p is a general receptor for 
hydrolases. The retrograde transport mechanism (retrieval) of Vps10p from the prevacuolar 
compartment to the TGN involves a “retromer complex” where Vps35p plays a key role for 
recognizing cytosolic retrieval signals for retrograde recruitment (Nothwehr et al., 2000). The 
retromer complex consists of five proteins: Vps26p, Vps29p and Vps35p that form the cargo 
selection subunit and Vps5p with Vps17p that assemble on the membrane to promote vesicle 
formation (Seaman et al., 1998; Seaman, 2005). 
The knowledge of the transport of proteins, such as CPY, to the vacuole in S. cerevisiae and 
the usage of vacuolar proteins as markers has led to the isolation of CPY homologues in A. 
nidulans (Ohsumi et al., 2001). Using the complete CPY fused to the green fluorescent protein 
(EGFP) vacuoles haven been visualized in A. oryzae (Ohneda et al., 2002). In A. niger targeting of 
EGFP to the vacuole was successful by fusing the first 29 amino acids of CpyA to the N-terminus 
of GFP (Weenink et al., Chapter 4).  
 
5.4 Plasma membrane targeting signals 
 
Plasma membrane proteins, cell wall proteins or extracellular proteins are packed into post-
Golgi secretory vesicles and targeted for transport to the sites where they fuse with the plasma 
membrane. In yeast, the actin/myosin cytoskeleton has been shown to be responsible for the 
transport of Golgi-derived secretory vesicles to the cell surface (Pruyne et al., 1998). The final 
destination of the cargo in these vesicles contain proteins can be the plasma membrane, the cell 
wall, or the proteins can be secreted into the growth medium. Retention in the plasmamembrane is 
achieved by the presence of a transmembrane domain(s) or a glycosylphosphatidyl-inositol anchor 
(GPI-anchor) in/at the protein. GPI-anchored proteins that remain attached to the plasma membrane 
are called PM-GPIs. This class of GPI-anchored proteins is different from the so-called cell wall 
proteins-GPIs (CWP-GPI). The latter class of proteins becomes covalently attached to the glucan 
part of the cell wall after processing of the GPI-anchor and crosslinking of a remnant of the GPI-
anchor to the glucan part of the cell wall (see for reviews Klis et al., 2001, de Groot et al., 2005). It 
has been recently shown that GPI-anchored cell wall proteins also exist in A. niger (Damveld et al., 
2005). Another class of cell wall proteins consists of protein with internal repeats (PIR) which can 
directly link them the 1,3-β-glucan network. The exact way of how these proteins are linked to the 
cell wall is not yet known (reviewed by De Groot et al., 2005). The presence of PIR-protein in 
Aspergillus species has so far not been reported. BLAST searches with PIR1p, PIR2p, PIR3p and 
PIR4p of S. cerevisiae as query and database mining confirmed the absence of PIR-proteins in 
Aspergilli. 
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Secretory proteins have no targeting signal and will be transported from Golgi to the plasma 
membrane where they have to pass the cell wall to be secreted in the medium. Despite the absence 
of any targeting signal, secretory proteins are sometimes retained in the cell wall by non-covalent 
interactions. Alternatively, its size might hamper easy passage of the secretory protein through the 
cell wall. Secretory proteins have been shown to bind to the cell wall, probably by the formation of 
hydrogen bonds e.g. Gla-GFP (Gordon et al., 2000; Weenink et al., Chapter 2). The cell wall can be 
a barrier for the efficient protein secretion of (heterologous) proteins.  
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6. The role of GTPases 
 
Protein transport through the secretory pathway is a complex and highly regulated process. 
Each transport step in the exocytic pathway requires regulation for the selective sorting of proteins 
into transport vesicles and controlling of the specific intracellular targeting of the vesicle to the next 
compartment. Secretion related GTP (guanosine triphosphate)-binding proteins are key components 
for regulating intracellular protein trafficking. They have been subjected to intense research over 
the last two decades which has given more insight in their function during protein transport through 
the secretory pathway (see for review Segev, 2001). Secretion related small GTPases belong to the 
Ras superfamily of GTP-binding proteins (Garcia-Ranea and Valencia, 1998). 
The Ras superfamily is comprised of at least five major branches, the Ras, Rho, Rab/Ypt, 
Sar1/Arf and Ran families (Takai et al., 2001). Members of the Ras branch include Ras, Rap, Ral 
and R-Ras family proteins which, are implicated to function in cell signalling and cell growth. The 
Rho branch constitutes a second major branch and includes Rho, Rac and Cdc42 GTPases and is 
involved in cell growth and morphology (cytoskeleton). The Rab/Ypt branch is the largest, and, 
together with members of the Sar1/Arf branch, serves as regulators of intracellular vesicular 
transport. Ran is the sole member of its branch and is a crucial regulator of nucleo-cytoplasmic 
transport during G1, S and G2 phases of the cell cycle and microtubule organization during M 
phase (Wong et al., 1997).  
 
6.1 Structure of small GTP-binding proteins 
 
Comparison of the amino acid sequences of secretion related small GTPases from S. 
cerevisiae, H. sapiens, A. nidulans and A. niger showed clustering of proteins suggesting that are 
highly conserved (Fig. 3). All small GTPases contain four conserved sequence motifs (G1-G4) 
required for guanine nucleotide binding and GTP hydrolysis. Furthermore, they have a region 
called the effector domain which is important for functional specificity and is therefore 
characteristic for each individual GTPase within its subfamily (Fig. 3). The first motif G1 
(GXXXXGK) forms a loop in which the main-chain amide hydrogens of several amino acids and 
the amino group of lysine interact with the α- and β-phosphates of GDP (guanosine diphosphate) 
and GTP (guanosine triphosphate). The effector domain that is located between the first motif (G1), 
and the second motif (G2) is responsible for interaction with downstream effectors if the GTPase is 
in the GTP-bound state. In that state the effector domain is exposed. The aspartate (D) in the 
second motif, G2 (DXXG), interacts with the first motif (G1) through interaction with an Mg2+ 
ion. The third motif, G3 (NKXD), interacts with the guanine nucleotide ring and the fourth motif, 
G4 (EXSAX), located at the C-terminus, stabilizes the structure through hydrogen bonds binding 
with the G2 domain. The COOH-terminal region, consisting of a two Cys residues, is modified 
posttranslationally. The two Cys residues can either be farnesylated, palmitoylated or 
geranylgeranylated. The COOH-terminal regions of the small GTPases are necessary for their 
binding to membranes and regulators and for their activation of downstream effectors (Takai et al., 
2001). 
 
 
 
 
 
 
 
 
Figure 3. General gene structure of secretion related small G-proteins. Consensus amino acid sequences 
responsible for GTPase activity and for the specific interaction with GDP and GTP. A, Ala; D, Asp; E, Glu; G, Gly; K, 
Lys; N, Asn; S, Ser; X, Any amino acid.  
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6.2 Role as molecular switch 
 
GTPases have been termed “molecular switches” because they cycle between inactive GDP-
bound state and active GTP-bound state as illustrated in figure 4. Transition from the inactive state 
to the active state requires the exchange of GDP to GTP. This exchange is stimulated by a regulator 
protein called the Guanine Exchange Factor (GEF) of which the activity is often regulated by an 
upstream signal. The GEF interacts with the GDP-bound state of the GTPase which allows the 
exchange of GDP for GTP. The transition from the active (GTP) form to the inactive (GDP) form is 
catalyzed by a GTPase Activating Protein (GAP). GTP binding induces conformational changes of 
the GTPase and allows it to interact with downstream effectors that, in turn, modulate cellular 
functions. GTPases are furthermore regulated by other types of regulators, named GDI (GDP 
dissociation inhibitor) and GDF (GDI displacement factor). GDI extracts GTPases from the 
membrane but only when they are in their GDP-bound form. GDI also stabilizes the GDP-bound 
form of the GTPase by inhibiting both the basal and GEP-stimulated dissociation of GDP and thus 
preventing membrane association and activation (Isomura et al., 1991; Lazar et al., 1997; Segev 
2001). This suggests that GTPases cycle between the plasma membrane and the cytosol (Isomura et 
al., 1991). Membrane-associated GDF is believed to stimulate GDI dissociation, by competition, 
allowing membrane association of the GTPase and the shift to the GTP-bound form (Dirac-
Svejstrup et al., 1997). 
As indicated above, low molecular small GTPases are involved in many cellular processes. 
In the next part the focus will be on secretion related GTPases. Secretion related GTPases are 
encoded by YPT genes (Yeast protein transport genes) in yeast and by Rab genes (R-proteins, Ras 
genes from rat brains) in mammalian cells. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Small GTPase cycle. Under basal conditions the small GTPase is in an inactive GDP-bound state. The 
inactive GTPase has GDI bound inhibiting membrane association and activation. In response to GDF stimulation the 
small GTPase releases GDI and becomes active after binding GTP, which is catalyzed by GEF. The activity of the 
small GTPase is transient because of intrinsic GTPase activity, which is stimulated by GAP. 
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6.3 Secretion related GTPases in S. Cerevisiae 
 
Protein transport through the secretory pathway consists of different, defined transport steps 
(e.g. ER to Golgi) of which each step is regulated by a particular secretion related small GTPase. 
For example, ER to Golgi transport requires the GTPase Sar1 for the budding of vesicles from the 
ER and the GTPase Ypt1 for the fusion of these vesicles with the Golgi (Fig. 2). 
In S. cerevisiae 11 secretion-related small GTPases have been described. The different small 
GTPases that are involved in the exocytic pathway are given in Table 2. Sar1 is required for 
budding of transport vesicles from the ER which are transported to the Golgi (Nakano et al., 1989; 
Giraudo and Maccioni, 2003). Ypt1p plays a role in the transport and fusion of ER derived vesicles 
to cis-Golgi but is also involved in the transport step from the cis-Golgi to medial-Golgi (Segev et 
al., 1988; Bacon et al., 1989; Baker et al., 1990; Jedd et al., 1995). This suggests that secretion 
related GTPases can function in more than one particular transport step. The small ADP 
ribosylation factor (Arf) GTP-binding proteins (Arf1-Arf3), regulate vesicle formation in 
retrograde vesicular transport from the Golgi to the ER through interactions with effectors that 
include COPI coatomer subunits (reviewed in Chavrier and Goud, 1999). Recently an overview of 
Arf proteins has been given by Pasqualato et al. (2002). Ypt6p regulates intra-Golgi transport (Li 
and Warner, 1996) but also function in protein transport between the late Golgi and a prevacuolar 
compartment (PVC) (Tsukada and Gallwitz, 1996). The role of Ypt6p is even more complex 
because it seems also to have a function in the endocytic pathway (Tsukada et al., 1996; 
Siniossoglou et al., 2000). Ypt7p is implicated to play a role in the transport step from the PVC to 
the vacuole (Schimmoller et al., 1993; Wichmann et al., 1992; Haas et al., 1995). Ypt31p/32p is a 
functional pair and regulates the transport of secretory proteins from the TGN (Benli et al., 1996; 
Jedd et al., 1997; Yoo et al., 1999) to the plasma membrane. Sec4p is involved in the last transport 
step prior to secretion (Salminen et al., 1987). The Ypts that for fill their function in endocytosis are 
Ypt51p/Vps21p, Ypt52p and Ypt53p (Singer-Kruger et al., 1994) and to some extend Ypt6p 
(Tsukada et al., 1996). Ypt10p may be involved in vesicular transport. The role of Ypt10p has been 
characterised by suggesting a function within the Golgi (Louvet et al., 1999). Localisation studies 
on Ypt10p suggests also a function in a regulated endosomal pathway (Buvelot et al., 2006). 
Ypt11p has been reported to cause defects in mitochondrial inheritance (Boldogh et al., 2004); but 
recent work demonstrates a localization of Ypt11p on the ER and a role for Ypt11p in ER 
inheritance (Buvelot et al., 2006). 
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6.4 Secretion related GTPases in mammalian cells 
 
In mammalian cells, newly synthesized secretory proteins pass the secretory pathway in the 
same order through the same type of compartments as described for yeast (Sakaguchi, 1997). 
Numerous reports indicate that a particular GTP-binding protein involved in a single event of the 
secretory pathway has a homologue in yeast with an identical function. The following Rabs are 
involved in the secretory pathway in mammalian cells and are compared to secretion related 
GTPases of S. cerevisiae by homology and function (Table 2). Sar1p has the highest sequence 
identity with Sar1p from S. cerevisiae and the role of Sar1p in mammalian cells is identical to the 
role of Sar1p in yeast (Giraudo and Maccioni, 2003). Phylogenetic analysis (Fig. 5) shows the 
Rab1p is the most identical homologue of Ypt1p and has identical function in yeast in ER-to-Golgi 
transport. In mammalian cells, Rab2p has been identified (Tisdale et al., 1992) and functions in 
vesicle fusion between the ER and Golgi compartment but no homologue could be identified in 
yeast. Arf from mammalian has similar function as Arf from yeast because human Arf can 
complement ARF function in S. cerevisiae mutants (Lee et al., 1992). Rab11p is the closest 
homologue of Ypt31p/Ypt32p in yeast. Rab11p functions in both exocytosis and endocytosis and 
plays a role in both TGN-to-PM transport (Chen et al., 1998), recycling (Wilcke et al., 2000) and in 
recycling from endosomes to the plasma membrane (Ullrich et al., 1996). The role of Ypt31p/32p 
in yeast is in intra-Golgi vesicular transport. The difference in function may be explained by the 
low sequence identity (E-value of 6E-69) between Ypt31p/32p and Rab11p and may support the 
idea that they are not homologues. Rab6p is a putative homologue of S. cerevisiae, Ypt6p because 
they both have similar function within the cell. They regulate intra-Golgi vesicular transport 
(Martinez et al., 1994). Rab6p also has a second role within the secretory pathway which is also the 
case for Ypt6p. For Rab6p additional involvement in Golgi-to-ER retrograde transport has been 
described (White et al., 1999). Rab9p, has the highest sequence identity with Ypt6p from S. 
cerevisiae. Rab9p is involved in late endosome (LE)-to-TGN vesicular transport that is described 
by Lombardi et al. (1993). Both proteins, Ypt6p and Rab9p are involved in the regulation of 
vesicular transport between the TGN and prevacuolar compartment. Evidence has been obtained 
that Rab14 functions in membrane traffic between the Golgi and the endosome (Junutula et al. 
2004) but no yeast homologue has been identified. The Rab7 protein functions in transport steps 
from the early endosome (EE)-to-LE (Feng et al., 1995). Secondly, Rab7p is involved in vesicular 
transport from EE to the lysosome/vacuole (Meresse et al., 1995). Ypt7p from S. cerevisiae has the 
highest sequence identity with Rab7p. Ypt7p has similar function based on α-factor transport in the 
yeast membrane system (Schimmöller and Riezman, 1993) and is therefore a true homologue. The 
Rab3 protein is involved in Golgi to plasma membrane transport where it is associated with 
secretory vesicles (Fischer von Mollard et al., 1994) and regulates hormone and neurotransmitter 
secretion. Rab3p and Rab8p both function in Golgi to plasma membrane transport. Rab3p does not 
seem to have a true homologue in yeast, however BLASTp search of Rab3p to the yeast database 
revealed some sequence identity with Sec4p. Rab8p has the highest sequence identity with yeast 
Sec4p which regulates the last transport step prior to secretion. This suggests that in mammalian 
cells two proteins are involved in Golgi to plasma membrane transport. Rab5p shows the highest 
sequence identity with Ypt52p from yeast but has also some identity with Ypt51p/53p protein 
sequences. Both Rab5p and the Ypt51p/52p/53p function in endocytosis. Rab5p is also involved in 
the assembly of clathrin-coated vesicles at the plasma membrane (McLauchlan et al., 1998) and is 
also involved in endosome fusions (Gorvel et al., 1991; Bucci et al., 1992). The Rab4 gene encodes 
a protein that functions in direct recycling of membrane receptors at the EE-to-plasma membrane 
(Daro et al., 1996). Database mining did not result in the identification of a Rab4p homologue in S. 
cerevisiae. Phylogenetic analysis of the secretion related GTPases from yeast and human show 
various clusters (Fig. 5).  
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Grouping of these GTPases in a cluster suggest that these proteins have their function in similar 
steps of the secretion pathway. In some cases GTPases involved in a specific step of the secretion 
pathway group in one single cluster; ‘intra Golgi’ group and ‘Golgi to PM’ group. Functional 
complementation of yeast with its human homologue proves that they for fill identical function in a 
specific transport step of the secretion pathway. The functional complementation has been 
described for ypt1-1 mutant that is complemented by Rab1p (Cheon et al., 1993), the ypt6 mutant 
can be complemented with Rab6p (Li and Warner, 1996) and Sar1 mutant can be complemented by 
SarAp (Veldhuisen et al., 1997). 
 
6.5 Secretion related GTPases in filamentous fungi 
 
In fungi, newly synthesized secretory proteins pass the secretory pathway in the same way 
through the same type of compartments as described for yeast (Fig. 5).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Schematic overview of the different stages of the secretory pathway in the filamentous fungi A. nidulans and 
A. niger. Secretion related small GTPases from A. nidulans are indicated in the white boxes. GTPases identified in A. 
niger, (srgA-srgF) (Punt et al., 2003), are indicated in bold italic. I: representation of the secretory pathway 
(exocytosis) and II represents endocytosis. ER, endoplasmic reticulum; TGN, Trans Golgi Network; PVC, Pre 
Vacuolar Compartment; EE, Early Endosome; LE, Late Endosome. 
 
 
Recently, the complete DNA genome sequence of the model filamentous fungus Emerciella 
(Aspergillus) nidulans and the biotechnologically important filamentous fungus A. niger has been 
published (Galagan et al., 2005, Pel et al., 2007). The genome of A. nidulans was analyzed for the 
presence of secretion related small GTPase genes (http://www.ncbi.nlm.nih.gov/BLAST and 
http://www.broad.mit.edu) using secretion related small GTPases from S. cerevisiae as query 
sequences. Hits from BLAST searches resulted in the identification of in total thirteen (13) 
secretion related small GTPases (Table 2), including the previously described avaA gene (Ohsumi 
et al., 2002). In A. niger a number of fourteen (14) secretion related GTPases have been identified 
(Pel et al., 2007). Phylogenetic analysis revealed that for A. nidulans, ten (10) out of thirteen (13) 
putative secretion related proteins group within clusters that are formed by secretion related 
proteins from S. cerevisiae and Human. Three (3) putative secretion related proteins from A. 
nidulans group with proteins from A. niger. The A. niger putative secretion related proteins group 
in a similar way as the secretion related proteins of A. nidulans. Ten (10) out of fourteen (14) 
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putative secretion related proteins from A. niger are classified in clusters formed by proteins from, 
S. Cerevisiae, Human and A. nidulans. Between 71% and 77% of the putative GTPases from A. 
nidulans and A. niger, group in existing clusters of yeast and human which suggest that the 
majority of the proteins are conserved. But some specific clusters are formed; a) cluster lacking 
protein from yeast and filamentous fungi, b) clusters lacking protein from yeast and human. The 
complementation of the yeast mutants by its human homolog is also seen in the phylogenetic tree. 
Therefore we favour the idea that the proteins within a cluster are involved in the same transport 
step of the secretion pathway. Noticeable is that the human secretion related proteins seem more 
strongly conserved towards the secretion related proteins from fungi than from yeast. The 
comparison of A. nidulans and A. niger with yeast GTPases resulted in the identification of two (2) 
and three (3) putative secretion related GTPase, respectively. For A. nidulans these proteins are 
AN2474.2p and AN9072.3p and for A. niger these proteins are, An14g02260p, An12g00040p 
An11g01790p. These fungal proteins seem to lack a homologue in S. cerevisiae. This finding 
suggests that the regulation of some processes within the secretion pathway might have more 
regulators or has higher complexity in filamentous fungi than the processes in yeast.  
 
 
34 
Chapter 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Phylogenetic tree based on comparison of the full amino acid sequence from S. cerevisiae and Aspergilli 
secretion related GTPases.  Sequences are derived from Genebank 
(http://www.psc.edu/general/software/packages/genbank/genbank.html) (cDNA), Swiss-Prot/ UniProt, Protein 
knowledgebase TrEMBL (http://au.expasy.org/sprot/) (protein) and from cDNA clones obtained in previous work (Punt 
et al., 2001). Database entries used are Saccharomyces cerevisiae (Sc): ARF1 (P11076), ARF2 (P19146), SAR1 
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(P20606), YPT1 (P01123), SEC4 (P07560), YPT31 (P38555), YPT32 (P51996), YPT51 (P36017), YPT52 (P36018), 
YPT53 (P36019), YPT6 (Q99260), YPT7 (P32939); Human (Hs): Sar1A (Q9NR31), Arf1 (P84077), Arf6 (P62330), 
Rab9A (P51151), Rab7A (P51149), Rab33B (Q9H082), Rab3A (P20336), Rab8B (Q92930), Rab1A (P62820), Rab14 
(P61106), Rab4B (P61018), Rab2A (P61019), Rab2B (Q8WUD1), Rab11B (Q15907), Rab6A (P20340), Rab24 
(Q969Q5), Rab5A (P20339), Rab5C (P51148); Aspergillus niger (An) Hypothetical proteins with nr An02g06400 
(A2QDA7), An04g02470 (A2QI69), An14g02260 (A2R2X2), An01g06060 (A2Q8Z1), An12g00040 (A2QY55), 
An18g02210 (A2RA78), An02g07780 (A2QDP0), An08g03690 (A2QQU0), An11g01790 (A2QVK9) and Aspergillus 
(Emericella) nidulans (AN) hypothetical proteins with nr AN0089-2 (ANavaA, Q5BH91), AN0411-2 (Sar1, Q5BGB9), 
AN5106-2 (Q5B2X4), AN0347-2 (Q5BGI3), AN4281-2 (Q5B599), AN7602-2 (Q5AVS8), AN6974-2 (Q5AXK6), 
AN3842-2 (Q5B6I8), AN4915-2 (Q5B3G5), AN2474-2 (Q5BAF6), AN9072-3 (Q5ARK8), AN1126-2 (Q5BEA4) and 
AN5020-2 (Q5B360). 
 
 
The previously isolated secretion related small GTPases from A. niger (Punt et al., 2001, 
Chapter 3) are also mentioned in the phylogenetic tree. The function of secretion related small 
GTPases in intracellular protein transport in A. niger was discovered through studies of the 
secretion related small GTPases, sarA and srgA (Veldhuisen et al., 1997 and Punt et al., 2001). 
Using the knowledge of conserved domains in secretion related GTPases several small GTPases 
from the filamentous fungi A. niger were identified and named, srgA-srgF. In the next part, the 
possible function of the identified secretion related GTPases in A. niger and the identified 
sequences in A. nidulans are discussed based on sequence identity with secretion related GTPases 
from yeast. 
In S. cerevisiae, Sar1p is involved in the budding process at the ER. Both the functional 
homologue from A. niger, SarAp, the putative homologue from A. nidulans, AN0411.2 and the 
human Sar1Ap were identified as highly conserved proteins (Fig. 6). 
Ypt1p is involved in the transport of proteins from the ER to the Golgi complex. Both in A. 
niger, A. nidulans and human, the proteins SrgBp, AN4281.2p, Rab1p, respectively, were identified 
as highly conserved proteins. This suggests that all these proteins have a similar function. 
Therefore, SrgBp from A. niger and AN4281.2p from A. nidulans are likely to have similar 
function as Ypt1p. 
In S. cerevisiae, Arf1p and Arf2p are involved in the regulation of coat formation of 
transport vesicles in intracellular trafficking from the Golgi to ER and within the Golgi. Arf3p is a 
GTPase which is involved in development of polarity. Blast search with these three Arf GTPases, 
as a query, resulted in the identification of two putative proteins in A. niger, An02g07780p and 
An08g03690p, two putative proteins in A. nidulans, AN5020.2p and AN1126.2p and two Rab 
proteins from human, Arf1p (HsArf1p) and Arf6p (HsArf6p). 
Intra-Golgi transport in S. cerevisiae is regulated by the GTPases Ypt31p/32p and Ypt6p. 
Ypt6p is also involved in the fusion of transport vesicles from the endosome to the late Golgi. In A. 
niger protein An01g06060p was identified as the Ypt31p/32p homolog. In A. nidulans the putative 
protein AN0347.2p and in human Rab11Bp were identified as most homologous protein to 
Ypt31p/32p. The closest homolog identified for Ypt6p in the fungus A. nidulans is AN7602.2p and 
for human the Rab6Ap. In A. niger the secretion related GTPases SrgCp was identified as the 
highest conserved protein. SrgCp seems to be involved in vesicular transport to the vacuole 
(Weenink et al., Submitted; Chapter 4) which corresponds to the function of Ypt6p. 
A secretion related GTPase that regulates transport, of vesicles, to the vacuole in S. 
cerevisiae is Ypt7p. In A. niger the homolog with the highest identity that could be identified was 
An18g02210, a previously isolated Srg protein (Punt et al., unpublished). Database search for the 
A. nidulans and human homologs, identified AN0089.2p in A. nidulans and Rab7p and Rab9Ap in 
human. The protein AN0089.2p has recently been described as AvaAp (Ohsumi et al., 2002).  
Sec4p from S. cerevisiae is involved in the last vesicular transport step from the Golgi to the 
plasma membrane. In all three organisms, A. niger, A. nidulans and human protein homologs were 
identified, SrgAp, AN6974.2p and Rab8p respectively. This suggests that these proteins have 
similar function. 
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Ypt51p, Ypt52p and Ypt53p function in the endocytosis process in S. cerevisiae. In A. niger 
the putative proteins An02g06400 and An04g02470 were identified as homologs. In A. nidulans the 
putative proteins AN3842.2p and AN4915.2p were identified together with the human RAB5Ap 
and RAB5Cp. 
Phylogenetic analysis showed one cluster without the presence of yeast or fungal protein 
homologs which consists of only human Rab4Bp, Rab14p, Rab2p and Rab2Bp. Furthermore, three 
clusters were identified which only consists of fungal homologs. The first cluster is consisting of A. 
niger An14g02260p and A. nidulans AN2474.2p. A second two-homolog cluster that was identified 
contains A. niger SrgDp and A. nidulans AN5106.2p. The third cluster lacking a yeast or human 
homolog is An12g00040p form A. niger and AN9072.3p form A. nidulans. 
The genome analysis of A. nidulans with S. cerevisiae sequences as query and the 
information of the recently published genome of A. niger, resulted in the identification of proteins 
that were unidentified with a homolog, Ypt10p and Ypt11p from yeast, Rab24p, Rab3Ap and 
Rab33Bp from human and An11g01790 form A. niger. 
Phylogenetic analysis showed that within twelve (12) clusters, seven (7) clusters contain 
proteins of S. cerevisiae, A. niger, A. nidulans and Human, one (1) cluster consist out of human 
proteins only, one (1) cluster lacks the presence of a protein from A. niger and three (3) clusters are 
fungal specific (Fig. 6). 
 
6.6 GTPase regulators in eukaryotes 
 
Regulation of the Ypt/Rab GTPase cycling between GDP- and GTP-bound forms is 
performed by the regulators, named GEFs and GAPs as described in section 6.2. Most of the 
knowledge about GEFs and GAPs (Fig. 4 and Table 3) comes again from S. cerevisiae (Segev 
2001). It has been demonstrated that GEFs are required for Ypt activation during protein transport. 
This applies to several Ypts (Nair et al., 1990; Jones et al., 1995; Barrowman et al., 2000). The 
GEF proteins that are known for yeast Ypts are e.g. Sec2p as a GEF for Sec4p, TRAPP complex as 
a GEF for Ypt1p and Ric1/Rgp1 complex as a GEF for Ypt6p. They are not (yet) studied in 
filamentous fungi. GEFs are considered to be Ypt specific with one exception. There is an example 
where one GEF complex act on two GTPases, Ypt1p and Ypt31p/32p pair, the TRAPP complex 
(Jones et al., 2000). Whether these findings are true for filamentous fungi has not yet been studied. 
The negative regulators of GTPases are GAPs. The Sec4p specific GAP protein, Gyp2p has 
been cloned from S. cerevisiae and resulted in the identification of five other GAPs, Gyp1-4 and 
Gyp6-7 (Strom et al., 1993; Du et al., 1998; Albert et al., 1999; Vollmer et al., 1999). Analysis of 
Ypt GAPs suggests that their function is not selective and not essential for Ypt function. Deletion 
of the Gyp genes, individually or in different combinations, does not affect cell viability 
(Richardson et al., 1998). Therefore, there are still several open questions to the mechanism of 
action of GAPs in yeast. GAP proteins exist in filamentous fungi, Lrg1p is GAP for Rho1 (Fitch et 
al., 2004), but GAPs are not yet identified for secretion related GTPases of filamentous fungi. 
However, analyzing the A. nidulans genome with GAPs and GEFs from S. cerevisiae as query 
sequences, revealed the presence of putative GAP and GEF proteins. For almost any identified 
GAP or GEF from yeast a homologue could be found in the A. nidulans genome (Table 3). 
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Table 3. Homologs of the GEF and GAP proteins specific for secretion related GTPases from S. cerevisiae  
found in the genome of the filamentous fungus Aspergillus nidulans and A. niger. nf=not found. 
 
GTPase GEF A. nidulans 
homolog 
A. niger homolog GAP A. nidulans 
homolog 
A. niger homolog 
        
Sar1p Sec12p AN6009.2 (0.068) An15g00140 (0.034)  Sec23p AN0261.2 (0.0) An01g04730 (0.0) 
Ypt1p TRAPP with 
10 subunits 
  Gyp1p AN7444.2 (1e-78) An02g14670 (4e-80) 
 Bet3p AN9086.2 (3e-61) An12g00380 (3e-59)  Gyp5p AN1980.2 (9e-58) An04g06080 (1e-77) 
 Bet5p AN8828.2 (2e-20) An17g01875 (1e-22)  Gyl1p AN1980.2 (1e-30) An04g06080 (3e-42) 
 Trs20p AN4296.2 (0.29) An15g03010 (0.005)  Gyp8p AN4036.2 (9e-11) An01g02860 (2e-16) 
 Trs23p AN8828.2 (0.16) An15g03010 (1e-21)     
 Trs31p AN6825.2 (4e-19) An14g06440 (5e-19)     
 Trs33p AN6498.2 (1e-23) An15g00060 (2e-21)     
 Trs65p 
(Kre11p) 
AN4038.2 (3.7) An02g09720 (1.9)     
 Trs85p 
(Gsg1p) 
AN7311.2 (1e-22) An04g08690 (4e-23)     
 Trs120p Hypercellular 
protein A (7e-43) 
An15g00470 (2e-25)     
 Trs130 AN1038.2 (5e-08) An08g05190 (5e-09)     
Arf1p Sec7p AN6709.2 (0.0) An07g02190 (0.0)  Gcs1p  AN2222.2 (3e-55) An17g00400 (3e-57) 
Arf2p Gea1p AN0112.2 (6e-133) An18g02490 (2e-126)  Glo3p AN6033.2 (2e-49) An16g05370 (3e-60) 
Arf3p Gea2p AN0112.2 (1e-139) An18g02490 (1e-146)  Age1p AN4274.2 (2e-24) An13g00210 (5e-26) 
 Syt1p AN6120.2 (1e-26) An12g04140 (5e-28)  Age2p AN1931.2 (5e-39) An11g02650 (6e-36) 
ypt31p TRAPP see 
Ypt1 
   Gyp2p 
(=Mdr1p)
AN7784.2 (0.0) An15g02890 (6e-172) 
     Gyp8p AN4036.2 (9e-11) An01g02860 (2e-16) 
ypt32p TRAPP see 
Ypt1 
   Gyp8p AN4036.2 (9e-11) An01g02860 (2e-16) 
        
ypt6p Ric1p AN1283.2 (0.008) An08g01630 (0.028)  Gyp6p AN4537.2 (6e-04) An07g07190 (0.012) 
 Rgp1p AN6289.2 (1e-10) An02g04500 (5e-08)  Gyp2p 
(=Mdr1p)
AN7784.2 (0.0) An15g02890 (6e-172) 
ypt7p nf nf   Gyp7p AN6618.2 (3e-
123) 
An15g01560 (1e-124) 
Sec4p Sec2p AN4759.2 (6e-14) An11g09910 (5e-15)  Gyp2p 
(=Mdr1p)
AN7784.2 (0.0) An15g02890 (6e-172) 
     Gyp3p 
(=Msb3p)
AN3128.2 (2e-80) An02g08870 (5e-80)  
     Msb4p AN3128.2 (4e-76) An02g08870 (9e-76) 
     Gyp8p AN4036.2 (9e-11) An01g02860 (2e-16) 
ypt51p nf -   nf -  
ypt52p nf -   nf -  
ypt53p nf -   nf -  
ypt10p nf -   nf -  
ypt11p nf -   nf -  
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7. Molecular mechanism of vesicle transport 
 
7.1 Coat proteins: COPI, COPII and Clathrin 
 
Transport of proteins through the cell requires budding of membrane from a donor 
membrane and fusion with an acceptor membrane. Budding and fusion of vesicles from one 
compartment to the other is tightly regulated to maintain equal levels of the compartment resident 
proteins and lipids. Vesicle budding starts with the utilisation of different proteins for coat 
formation. Subsequently GEF (Guanine nucleotide exchange factor) catalyses the exchange of GDP 
for GTP on small GTPases (e.g. Sar1p). The activated small GTPases (GTP-bound) binds to the 
membrane and thereby recruiting pre-assembled polymeric coat proteins either COPI, COPII or 
clathrin (reviewed by Kirchhausen, 2001). After the coat is formed, the membrane folds inwards 
(invaginates) and forms a vesicle. Different vesicles contain different coat proteins. Once the 
vesicle is detached from the membrane GTP hydrolysis takes place by action of a GAP (GTPase 
activating protein) and when the small GTPases are inactive the coat will dissociate from the 
vesicle. 
COPI coated vesicles seem to function primarily in retrograde transport from the Golgi 
compartment to the ER. COPI coatomer consists of seven subunits (Ret1p, Sec26p, Sec27p, 
Sec21p, Ret2p, Sec28p and Ret3p). COPI-coated vesicles efficiently capture proteins carrying the 
sorting signal KKXX or KXKXX in their C-terminal domain (see section 5.1). Coat assembly is 
activated by the recruitment of ARF-GTP to the membrane. COPI coatomer binds to the activated 
ARF and cargo is captured. When the coat is complete, the vesicle buds. ARF is inactivated by its 
GAP leading to uncoating of the vesicle (reviewed detail by Kirchhausen, 2001). 
COPII is a coat protein that is associated with anterograde vesicular transport from the ER 
to the Golgi. The COPII coat consists of two heterodimeric complexes, Sec23p/24p and 
Sec13p/31p. The small GTPase, Sar1p is activated by its GEF, Sec12p on the ER membrane and 
Sar1p-GTP binds to the ER membrane and recruits Sec23p/24p complex. The Sec23p/24p complex 
binds cargo protein and finally the Sec13p/31p complex initiate vesicle budding. Once the vesicle 
is released from the donor compartment Sec23p acts as the GAP for Sar1p of which the bound GTP 
is hydrolyzed, and the COPII coat dissociates (Gorelick and Shugrue, 2001; Hauke, 2003; Tang et 
al., 2005). In the filamentous fungus A nidulans, a CopA gene encoding a homolog of the 
mammalian and yeast α-COP, coding for COPI coatomer protein, is characterized (Breakspear et 
al., 2007). Here they visualized the CopA protein by expressing a GFP-tagged CopA gene. The 
CopA:GFP fusion protein localizes at a putative Golgi apparatus which is consistent with the 
localization of COPI coatomer in mammalian (Griffiths et al., 1995) and yeast (Morin-Ganet et al., 
2000).  
Clathrin coated vesicles are involved in transport of proteins from the TGN to endosomes 
and from the plasma membrane to endosomes. Clathrin (Chc1p and Clc1p) is the most abundant 
protein in the coat which is responsible for the membrane deformation and budding. Clathrin only 
interacts with membranes via a heterotetrameric adapter complex (AP) that are only present at the 
TGN or the plasmamembrane. Vesicles that are formed at the TGN carry AP1 proteins and vesicles 
from the plasmamembrane carry AP2 complexes. AP1 and AP2 bind to sorting signals such as 
tyrosine based motifs, dileucine motifs and Golgi sorting signals found in the cytoplasmic tail of a 
large number of membrane proteins. APs interact with cargo (membrane proteins) and recruit 
clathrin to the membrane, initiating coat formation (reviewed by Kirchhausen, 2001). 
 
7.2 Vesicle docking and fusion: SNAREs, Rabs and Tethering factors 
 
After selective packaging the proteins into vesicles they are transported to acceptor 
membranes where vesicle docking and fusion occurs in three steps. Tethering of the transport 
vesicle is mediated by tethering complexes. Fusion markers (SNAREs) of the vesicle and the 
acceptor membrane will interact if they are compatible. Docking of the vesicle occurs and fusion 
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markers form a tight complex to bring the vesicle- and acceptor-membrane close together 
promoting membrane fusion. 
SNAREs (soluble NSF attachment protein receptor) are conserved integral membrane 
proteins present on vesicle and target membranes. Two other proteins, NFS (N-ethyl-maleimide-
sensitive factor) and SNAP (soluble NSF attachment protein) have been identified to interact with 
SNAREs. Cytoplasmic coiled coil domains of the vesicle SNARE (v-SNARE) and the target 
SNARE (t-SNARE) interact through their conserved SNARE motifs and form a stable four-helix 
SNARE complex (trans-SNARE). Membranes are very close allowing irreversible membrane 
fusion. After fusion, NSF binds to the SNARE-complex via SNAP to disrupt the SNARE complex 
through ATP hydrolysis. v-SNAREs are transported back to the donor and will be used in the next 
cycle of vesicle transport. In S. cerevisiae there exist 24 SNAREs that function in several steps of 
vesicular trafficking (Burri and Lithgow, 2004). SNAREs are classified into four groups, Qa-, Qb-, 
Qc-, and R-SNAREs (Bock et al., 2001) of which in most cases a v-SNARE is an R-SNARE and t-
SNARE are Q-SNAREs. Based on genomic analysis several fungal species show the presence of 
SNAREs. However, very little is known about SNAREs in filamentous fungi. Recently, the 
publication of the complete genome of A. oryzae (Machida et al., 2005) led to the cloning and 
visualisation of 21 SNARE proteins in A. oryzae (Kuratsu et al., 2007). Localization analysis of 
fusion proteins of EGFP with SNAREs in A. oryzae revealed similar subcellular distribution as in 
S. cerevisiae as well as some different and possibly filamentous fungi specific localization. The 
microscopic observation showed SNARE localization at the ER, Golgi apparatus, plasma 
membrane, vacuolar membrane, endosomes and at septa (Kuratsu et al., 2007).  
Secretion related small GTPases (Rab/Ypt/Srg) are key regulators of vesicle docking and 
fusion process. They act upstream of SNARE proteins in tethering of the transport vesicle to the 
membrane. GTPases cycle between the cytosol and the membrane. Once the GTPase is activated 
(GTP-bound state) by its GEF and has become membrane bound it recruits effector proteins to the 
membrane. These effectors are involved in first attachment of the vesicle with the membrane after 
which SNAREs interact. GDI (GDP dissociation inhibitor) is bound to cytoplasmic GTPases 
(Dirac-Svejstrup et al., 1997) to maintain inactive. GDI is dissociated by stimulation of GDF (GDI 
displacement factor) allowing membrane association and shift to the GTP-bound form of the 
GTPase. When the regulation of GTPases has ended they are extracted from the membrane by GDI. 
GTPase specific effectors that are involved in the process of vesicle attachment are called, 
Tethering proteins.  
Tethering proteins are not essential for vesicle transport and are recruited to target 
membranes when GTPases are in their GTP bound form (active). Prior to v-SNARE and t-SNARE 
assembly tethering proteins form a bridge between the vesicle and target membrane. Tethering 
proteins are either large multimeric complexes or long coiled coil proteins. Tethering proteins 
identified are the conserved oligomeric Golgi complex (COG complex, Sec34p (Cog3p) and 
Sec35p (Cog2p)) (Morsomme and Riezman, 2002; Ungar et al., 2002; Ungar et al., 2005; 
Cavanaugh et al., 2007), TRAPP complex (Barrowman et al., 2000), the exocyst (Lipschutz and 
Mostov, 2002) and HOPS (homotypic fusion and vacuole protein sorting)/Class C Vps complex 
(Price et al, 2000; Sato et al, 2000; Seals et al, 2000). These complexes are thought to act upstream 
of SNAREs where they are all involved in the initial attachment of intracellular trafficking vesicles 
to their target membrane. COG complex consists of two COG subunits, originally discovered as 
Sec34p and Sec35p, which are now called Cog3p and Cog2p respectively. The COG complex acts 
as a tethering factor at the Golgi. The TRAPP complex also acts as a tethering factor at the Golgi. 
The exocyst is also a tethering protein complex consisting of Sec3p, Sec5p, Sec6p, Sec8p, Sec10p, 
Sec15p, Exo70p and Exo84p (Whyte and Munro, 2001 and 2002) and acts at the plasma 
membrane. The HOPS/C-Vps complex contains six polypeptides, Vps11p, Vps16p, Vps18p, 
Vps33p, Vps39p, and Vps41p, identified genetically through screens for vps (Rothman and 
Stevens, 1986), pep (Jones, 1977), and vam (Wada et al, 1992) and act as a tethering factor at the 
Vacuole. Tethering proteins function in distinct pathways unlike SNARE protein and Rab/Ypt 
GTPases. 
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Abstract 
 
In this study a set of Aspergillus niger strains containing various GFP reporters have been 
constructed to study organelle movement, place and time of gene transcription and localisation of 
protein secretion. eGFP was successfully targeted to nuclei using histon-2B, to the vacuole using 
the first 29 amino acids of the A. niger Carboxypeptidase Y protein and to the ER using the HDEL 
ER retention signal. All three fusion proteins were expressed from the constitutive glyceraldehyde-
3-phosphate dehydrogenase  promoter (PgpdA). The dynamics of the movement of nuclei and 
vacuoles was studied by time-lapse confocal microscopy.  
To determine location and time of glucoamylase gene transcription, the glucoamylase 
promoter (PglaA) was fused to eGFP. We observed fluorescence mainly in the cytosol of sub-apical 
hyphae and absence of fluorescence was found in the apex. To limit eGFP diffusion through the 
fungal hyphae, we fused H2B-GFP to the glucoamylase promoter. Here, glucoamylase was also 
found mostly in sub-apical regions. Expression of the H2B-GFP reporter driven by the gpdA 
promoter resulted in equal intense fluorescence throughout the whole hyphae indicating equal 
expression. 
The site of glucoamylase protein secretion was studied using a glucoamylase-GFP fusion 
protein, driven by either the glaA or the gpdA promoter. Glucoamylase-GFP, expressed form the 
glaA promoter was predominantly found in sub-apical regions at the septa, whereas the fusion 
protein expressed from the gpdA promoter GFP was also observed in the tips of leading hyphae. 
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1 Introduction 
 
Filamentous fungi, such as Aspergillus niger, have a unique morphology and can be 
considered as multi-cellular organisms with distinct cellular compartments (Momany, 2002). 
Growth occurs via hyphal tip extension and the formation of branches in sub-apical regions. 
Incorporation of new lipids forming the plasma membranes, cell wall synthesis and protein 
secretion takes place primarily at the tips and at the sites of septum formation and requires efficient 
transport of organelles and vesicles of long distances along the hyphae. Therefore the different 
morphology and growth of filamentous fungi compared to e.g. Saccharomyces cerevisiae 
implicates a more complex organization and/or regulation of transport and secretion related cellular 
processes for filamentous fungi. These intracellular processes include e.g. nuclear migration, 
vacuole distribution and protein secretion where large distances have to be overcome. 
It is established that steps within the secretory pathway in filamentous fungi are similar to 
those in other eukaryotes (Punt et al., 2001). Like other filamentous fungi, A. niger grows through 
polar extension of hyphae and secretion of extracellular proteins is considered to occur in areas of 
cell wall synthesis. Therefore, the hyphal apices are assigned as the location where protein can pass 
by bulk flow through the newly synthesised cell wall (Wösten et al., 1991; Wessels, 1994; Archer 
& Perberdy, 1997; Lee et al., 1998). Growth of hyphae occurs at the tip of the apical cell where the 
appearance of a structure called the Spitzenkörper or vesicle supply centre has been identified. The 
Spitzenkörper is not a discrete membrane surrounded organelle but it was shown, using electron 
microscopy (EM), to consist of organized accumulated vesicles dominated by small-sized vesicles 
(reviewed by  Harris et al., 2005) that are transported to the plasma membrane to release their cargo 
(Bartnicki-Garcia et al., 1989). 
The Green Fluorescent Protein (GFP), originally derived from the marine jellyfish Aequorea 
victoria, provides the possibility to observe dynamic processes in vivo. The biochemistry of GFP 
allows direct measurement of its fluorescence without additional proteins, substrates or cofactors 
(Chalfie et al., 1994; Cubitt et al., 1995; Kain et al., 1997). Different variants of GFP have been 
expressed successfully in mammalian (DeGiorgi et al., 1996), yeast (Kaether et al., 1997) and 
several fungal species (Fernández-Ábalos et al., 1998; Gordon et al., 2000; Khalaj et al., 2001; 
Maruyama et al., 2002; Ohneda et al., 2002). Visualization of dynamic intracellular processes with 
the use of GFP in the fungal hyphae is an important tool to analyze these processes. This can 
contribute to better understanding of the intracellular mechanisms or functions. Furthermore, such 
tools also allow the isolation and analysis of mutants in order to dissect molecular mechanisms (see 
e.g. Ohneda et al., 2002). Visualization of dynamic processes in filamentous fungi include 
visualization of nuclei dynamics (Maruyama et al., 2001; Maruyama et al., 2002; Freitag et al., 
2004), visualization of vacuole dynamics (Ohneda et al., 2002), hyphal fusion (Hickey et al., 2002) 
and septum formation (Fox et al., 2002). 
Processes such as gene expression were monitored in vivo by expressing a fusion gene that 
consists of the promoter sequence of glucoamylase A (glaA) fused to the coding region of GFP 
(Siedenberg et al., 1999). Protein trafficking and secretion has been monitored in A. niger by 
Gordon et al. (2000) using the catalytic domain of the glaA gene (GLA499 and GLA514) in a 
fusion with the fluorescent marker gene sGFP(S65T) after cold treatment. In A. oryzae, Kumiko et 
al. (2003) showed in vivo visualization of the distribution of a secretory protein as well, but here the 
enhanced GFP (eGFP) was used instead of the sGFP. 
A better way to localize gene expression in fungal hyphae is by fusing the gene encoding 
GFP to the coding sequence of histone 2B and drive the expression by a promoter of interest. The 
histone 2B part of the fusion protein targets the protein to the closest nucleus where expression of 
the promoter is localized to limit diffusion of possibly localized GFP expression in the hyphe. 
During our work Vinck et al. (2005) showed that intracellular proteins are influenced by 
cytoplasmic flow. 
In this study we report the expression of various GFP fusions for the in vivo study of 
organelle dynamics, gene expression and protein secretion in hyphae of A. niger. For visualization 
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of nuclei we expressed an A. nidulans histone 2B protein fused with eGFP (H2B::eGFP). Vacuole 
visualization was performed by the expression of eGFP fused with the 3’ targeting signal from the 
A. niger Carboxypeptidase Y gene. The endoplasmic reticulum (ER) was visualized by C terminal 
fusion of the tetrapeptide HDEL, an ER retention signal. The results demonstrate that three 
different fusion proteins can be used as in vivo reporters to study nuclear motion, vacuole and ER 
dynamics. Furthermore, we have used the nuclear targeted GFP reporter (H2B::eGFP) to study the 
temporal and spatial transcription of the glucoamylase gene. Finally, we have compared the site of 
protein secretion by comparing the localization of the glucoamylase-GFP fusion protein expressed 
from either the glucoamylase (glaA) or the glyceraldehyde-3-phosphate dehydrogenase (gpdA). 
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2 Materials and Methods 
 
2.1 Strains and culture conditions 
 
Aspergillus niger strain AB4.1 (van Hartingsveldt et al., 1987), a pyrG- mutant derived from 
A. niger N402, was used as a recipient strain for transformation. Escherichia coli XL1-Blue (recA1 
endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac[F’ proAB laclqZΔM15 Tn10 (Tetr)]) (Stratagene) 
was used as a host for proliferation, and plasmid vectors pAN56-1, pAN56-2 and pAN52-1 were 
used as vectors for DNA manipulation. Fungal strains used in this study are listed in Table 1. 
 
 
Table 1. Aspergillus niger strains and vectors used in this study 
Strain Vector Characteristics 
AR9#2 pAR9 
(PglaA-sGFP-S65T-TtrpC) 
Inducible expression of cytoplasmic 
GFP 
(Siedenberg et al., 1999) 
AR19#1 pGPDGFP 
(PgpdA-sGFP-S65T-TtrpC) 
Constitutive expression of 
cytoplasmic GFP 
(Lagopodi et al., 2002) 
MA23#1 pMA23 
(PgpdA-CPY29::eGFP-
TtrpC) 
Constitutive expression of the 
vacuole targeted CPY29::eGFP 
fusion protein 
MA 25#2 pMA25 
(PglaA-H2B::eGFP-TtrpC) 
Inducible expression of the nuclear 
targeted Histon2B-eGFP fusion 
protein 
MA 26#2 pMA26 
(PgpdA-H2B::eGFP-TtrpC) 
Constitutive expression of the 
nuclear targeted Histon2B-GFP 
fusion protein 
XWA 2#1 pXW2 
(Pgpd-A-GlaA2::sGFP-
HDEL-TtrpC) 
Constitutive expression of GlaA2-
sGFP protein targeted to the 
endoplasmic reticulum 
XWA7#45 pXW7 
(PgpdA-GlaA2::eGFP-TtrpC) 
Constitutive expression of GlaA2-
eGFP fusion protein 
XWA 
9#16 
pXW9 
(PglaA-GlaA2::eGFP-TtrpC) 
Inducible expression of GlaA2-
eGFP fusion protein 
 
 
Co-transformation was performed with a mixture of plasmid, containing the GFP construct 
and pAB4-1. Transformations were done as described by Punt and van den Hondel (1992). Uridine 
prototrophic transformants for each plasmid were purified and analyzed for GFP expression using a 
fluorescence microscope. 
To study gene expression and protein secretion, A. niger strains were cultivated on solid 
minimal medium (MM) (Bennett and Lasure, 1991) supplemented with 0.5% casamino acids and 
1% maltose as a carbon source prior to analysis. To observe single hyphae, cultures were grown on 
solid medium in a 2-dimensional plane as described by Wösten et al. (1991) as sandwich cultures. 
Freshly isolated spores were diluted in physiological salt till a concentration was obtained of 5 
spore/μl. Sterile dialysis membranes (12000-14000 Dalton) were put on solid medium with in 
between 2 μl spore suspension with approx. 10 spores. After 2 days of incubation at 28°C the 
membranes containing the 2-dimensional colony were cut into smaller parts and separated before 
microscopical analysis.  
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2.2 Construction of GFP-gene fusions and transformations. 
Aspergillus vectors used to construct the final vectors were: i) pAN56-1 (Punt et al., 1990; 
EMBL Z32700), containing the A. nidulans glyceraldehyde 3-phosphate dehydrogenase (gpdA) 
constitutive promoter fused to the DNA sequence encoding the first 512 N-terminal amino acids of 
the A. niger glucoamylase (GlaA(G2)); ii) pAN56-2 (EMBL Z32690), containing the A. niger 
glucoamylase (glaA) promoter fused to the same coding sequence of GlaA(G2) as described for 
pAN56-1; iii) pAN52-1Not, containing the A. nidulans gpdA promoter (Punt, unpublished) and iv) 
pAN52-7NotI, containing the A. niger glaA promoter together with the GlaA(G2) encoding 
sequence (Punt, unpublished). 
 The green fluorescence proteins used were either, the commercial available enhanced Green 
Fluorescent Protein (eGFP) from Clontech (pEGFP; database entry U76561), or the plant enhanced 
sGFP-S65T (Chiu et al., 1996). Fluorescence microscopy was performed to select transformants. 
Transformant strains AR#9 containing PglaA-sGFP-S65T (Siedenberg et al., 1999); AR#19, 
MA25#2, MA26#2, XWA2#1, XWA7#45 and XWA9#16 were selected for further studies (Table 
1). 
 
2.2.1 Construction of vectors with GFP targeted to nuclei 
To construct vector pMA25 (PglaA-H2B::eGFP-TtrpC) a fusion polymerase chain reaction 
(PCR) was performed. A PCR with pAN52-7 (Punt, unpublished) as a template resulted in a 700 bp 
fragment of the inducible glaA promoter. Primers used were PglaP2 (5’-
CGGGGATCCGAACTCCAA-3’) and PglaP3 (5’-
CGGCAGCTTTGGGAGGCATTGCTGAGGTGTAATGATGC-3’). The H2B::eGFP sequence 
was amplified from pH2BG (Maruyama et al., 2001) by PCR using primers H2BP2 (5’-
ATGCCTCCCAAAGCTGCCG-3’) and CPY-GFPP2 (5’-
CGGGATCCTTACTTGTACAGCTCGTCCAT-3’). The final PCR with previous PCR products 
used as a template was performed with primers PglaP2 and CPY-GFP-P2. This resulted in a fusion 
product of the glaA promoter and the H2B::eGFP sequence with the size of 1.2 kb. The amplified 
product was cloned in pAN52-7 (Punt, unpublished) at the BamHI restriction site resulting in 
pMA25 (PglaA-H2B::eGFP-TtrpC). The consensus and orientation of the insert was confirmed by 
sequence analysis. 
To obtain pMA26 (PgpdA-H2B::eGFP-TtrpC) the PCR product of the gpdA promoter was 
generated using primers NW1For (5’-AAGCTGGCAGTCGACCCAT-3’) and H2BP1revNew (5’-
CGGCAGCTTTGGGAGGCATGGTGATGTCTGCTCAAG-3’) with pAN56-1  (Punt et al., 1990; 
EMBL Z32700) as a template. The H2B::eGFP fragment was the same fragment as used for the 
construction of pMA25. The fusion PCR was performed with primers NW1For and CPY-GFP-P2 
together with the gpdA promoter DNA-fragment and the H2B::eGFP fragment used as templates. 
The product of the fusion PCR was cloned in pAN52-1Not (Punt, unpublished) at the SalI/BamHI 
restriction sites. pMA26 was checked by sequence analysis. 
 
2.2.2 Construction of a vector with GFP targeted to the vacuole 
To target eGFP to the vacuole, the first 29 aminoacids of a vacuolar protease, 
carboxypeptidase Y (CPY) from A. niger was fused to the eGFP sequence by PCR. Primer CPYP1 
(5’-
CGGAATTCTCATGAGAGTTCTTCCAGCTGCTATGCTGGTTGGAGCGGCCACTGCGGCC
GTCCCTCCCTTCCAGCAGGTCCTTGGAGGTAACGGTGCCATGGTGAGCAAGGGCGAG
-3’) contains the sequence which encodes for the first 29 amino acids of A. niger CPY and the first 
6 amino acids of eGFP (Bold). The ATG start condon of the CPY part contains a BspHI site 
(underlined) for cloning. Primer CPYP2 (5’-CGGGATCCTTACTTGTACAGCTCGTCCAT-3’) 
contains the 5’ region of the eGFP gene that has a BamHI restriction site introduced (underlined). 
Primer CPYP2 together with primer CPYP1 was used to amplify the CPY29::eGFP fragment using 
pEGFP (Clontech) as a template. After amplification the PCR fragment was isolated as a BspHI-
BamHI fragment and used in a three way ligation with a 2.3 kb NotI-NcoI fragment from pAN52-
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1not, containing the PgpdA promoter region and a 3.4 kb BglII-NotI fragment from pAN56-2, 
containing the TtrpC termination sequence, to give pMA23 (PgpdA-CPY29::eGFP). The 
CPY29::eGFP sequence was verified by sequencing. 
 
2.2.3 Construction of vector containing GFP targeted to the endoplasmic reticulum 
To target the sGFP(S65T) protein to the endoplasmic reticulum (ER) a vector expressing 
PgpdA-GlaAG2::sGFP(S65T)-TtrpC was modified by adding the C-terminal amino acid signal 
sequence ‘HDEL’, the consensus signal for ER retention of proteins. A 1.6 kb BamHI-XbaI 
fragment containing part of the GlaAG2 gene fused to the sGFP(S65T)::HDEL sequence including 
the trpC terminator sequence was excised from pAN56-2sGFP(S65T)::HDEL (Gordon et al. 2000) 
and cloned in the corresponding restriction sites of vector pAN56-1 (EMBL Z32700) resulting in 
vector pXW2 (PgpdA-GlaAG2::sGFP(S65T)::HDEL-TtrpC). 
 
2.2.4 Construction of GFP expression cassette to analyse expression 
The vector where the green fluorescent protein sGFP(S65T) is regulated by the inducible 
glucoamylase promoter, PglaA-sGFP(S65T)-TtrpC, was previously described by Siedenberg et al. 
(1999). The plasmid pGPDGFP (PgpdA-sGFP(S65T)-TtrpC) contains the sGFP regulated by the 
constitutive glyceraldehyde-3-phosphate dehydrogenase promoter. The construction is previously 
described by Lagopodi et al. (2001). 
 
2.2.5 Construction of GlaA(G2)::eGFP expression cassettes 
To obtain plasmid pXW9 (PglaA-GlaAG2::eGFP-TtrpC), a 0.8 kb fragment containing the 
coding sequence of eGFP was excised from pEGFP (Clontech) by NcoI/EcoRI digestion and 
cloned together with a 2.7 kb NotI/NcoI fragment from pAN56-2sGFP (Ram, unpublished), 
encoding the glucoamylase promoter (PglaA) and the catalytic domain of glucoamylase A (512 aa, 
G2), between the EcoRI/NotI sites of pAN56-2 (Punt et al., 1990; EMBL Z32700). pXW7 (PgpdA-
GlaAG2::eGFP-TtrpC) was obtained by cloning a 1.5 kb BamHI/EcoRI fragment from pXW9, 
containing the coding sequence of eGFP together with the A. nidulans trpC terminator, into the 
corresponding BamHI/EcoRI sites of pAN56-1sGFP (Ram, unpublished). 
 
2.3 Microscopy 
Microscopical analysis was performed using a Zeiss axioplan2 upright microscope equipped 
with a Sony DKC5000 camera and an AttoArc HSB103 100W mercury lamp with standard FITC 
filters to observe GFP fluorescence. Confocal Laser Scanning Microscopy (CLSM) was done with 
the same Zeiss axioplan2 upright microscope coupled to a Biorad MRC1024 ES KrAr laser. 
Simultaneous, a bright field image with Differential Interference Contrast (DIC) and GFP 
fluorescence were collected. 
The Zeiss microscope is equipped with infinity corrected plan-neofluar 100x/1.3 oil lenses. 
To examine fluorescence as a result of GFP fusion protein expression, hyphae were immediately 
analyzed and digital images were collected with kalman (n=4) filtering and afterwards modified 
using ImageJ V1.19. 
Time-lapse microscopy was performed using a thermo-controlled growth chamber on an 
inverted Leica 2 photon CLSM, scanning and laser power was kept at a minimum to reduce 
problems of perturbing the living hyphae and reduce photo bleaching. Time-lapse imaging was 
performed at scan intervals of 3 minutes with 4 scans in the Z-direction, to collect fluorescence in 
different focal planes, for periods up to 4 hours. Kalman filtering (n=2) was used to improve signal-
to-noise ratio. Figures were prepared using ImageJ V1.19 and Ulead Gif animator V3.0a. 
Vacuole staining was performed with O/N grown mycelium incubated for 30 minutes with 
CMAC-arg from Molecular Probes at 30 degrees (Khalaj et al., 2001). Growth was continued for 
30 minutes in medium without the CMAC-arg dye prior to microscopic analysis. 
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3 Results 
 
3.1 Visualisation of nuclei in Aspergillus niger hyphae by expressing H2B::eGFP 
 
Previously, it has been described that in Aspergillus oryzae eGFP can be targeted to the 
nucleus using an Aspergillus nidulans histone 2B fusion gene. The expression of this fusion gene is 
driven by the A. nidulans H2B promoter (Maruyama et al., 2001). We have transformed the 
construct to Aspergillus niger to test whether we could visualize nuclei in living cells of A. niger. 
Transformants were analyzed for nuclear fluorescence. A. niger transformants expressing the 
H2B::eGFP fusion gene showed fluorescence in nuclei throughout the hyphae. Conidiation and 
hyphal growth was not affected by the presence of the fusion gene in the transformants. To study 
nuclear dynamics the growth of strain MA26#2 was analysed using time-lapse confocal 
microscopy. As shown in figure 1A, fluorescence of the H2B::eGFP fusion protein was associated 
with all nuclei during growth throughout multiple cell cycles. Therefore, this marker allowed us to 
analyse dynamic processes such as nuclear division and nuclear migration.  
Time-lapse recordings were started after 4 hours of incubation of the spores. Recordings 
were performed for 3-4 hours where every 3 minutes hyphae were scanned. Thereafter, we 
followed nuclear migration and nuclear division during spore germination. We observed that nuclei 
migrate towards the growing apex after germination of the spore. During nuclear migration we 
observed nuclear division by recording the nuclear separation process in the growing hyphae (Fig. 
1A, Fig. 1B II arrow). Within 4 hours, two mitotic cycles had already occurred, resulting in the 
presence of 4 nuclei (Fig. 1B I). Upon subsequent growth of the germlings a further synchronous 
mitotic division occurred resulting in the detection of eight nuclei. Thereafter, Nuclei migrated 
from the spore into the hyphae. At a later stage septum formation takes place (Fig. 1B III). 
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Figure 1. Visualization of nuclei in Aspergillus niger by expression of the H2B::eGFP in germinating spores. 
Transformants were analyzed by Confocal Laser Scanning microscopy (CLSM). A) Time lapse recordings were 
performed with intervals of 3 minutes with kalman (n=2) on 4 Z-sections. Scale bar is 10 μm. Arrow points to nuclear 
separation. B) Cellular processes visualized in germinating spores. At our used starting point spores contain four nuclei 
(I), t=4hrs 42min. The germ tube of the right spore is out of focus. II) Observation of nuclei separation (arrow) after 
duplication, t=6hrs. III) After nuclei have migrated from the spore into the hyphae septum formation occurs (arrow), 
t=8hrs 12min. Scale bar is 5 μm. 
I 
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3.2 Visualisation of vacuoles in Aspergillus niger hyphae by expressing CPY29::eGFP 
 
For the visualization of vacuoles in living cells we expressed GFP fused to the vacuolar 
targeting signal of carboxypeptidase Y (CPY). CPY is a conserved vacuolar resident protease 
present in all fungi. Detailed studies in S. cerevisiae have shown that the CPY propeptide contains 
the information for specific vacuolar targeting of the protein. Mutational analysis defined that the 
N-terminal residues ‘QRPL’ are crucial elements of this targeting signal (Cooper and Stevens, 
1996; Valls et al., 1990). Alignment of the signal sequences of CPY from S. cerevisiae and A. niger 
revealed a tetrapeptide ‘QQVL’ from A. niger to be aligning with the targeting signal ‘QRPL’. For 
targeting of GFP to the vacuole the coding sequence of the first 29 amino acids of the A. niger 
CPY-protein was fused to the coding sequence of eGFP resulting in a fusion gene, CPY29::eGFP. 
These first 29 amino acids of the A. niger CPY include both the N-terminal signal sequence (aa 1-
29) for ER import and the vacuolar targeting signal QQVL. The fusion construct (CPY29::eGFP) 
was placed under the control of the A. niger constitutive gpdA promoter and transformed to A. 
niger. Transformants were observed using fluorescence microscopy to detect the presence of eGFP. 
A. niger transformants expressing the CPY29::eGFP fusion gene showed fluorescence localized in 
vacuole-like structures within hyphae (Fig. 2). All transformants showing GFP fluorescence had 
normal growth and conidiation, indicating that expressing of CPY29::eGFP is not harmful to the 
cells. 
When hyphae were observed by Differential Interference Contrast microscopy (DIC), large 
and small spherical “hollow”-like structures were observed (Fig. 2A). These structures are most 
likely vacuoles because of their lower refractive index compared to the cytosol. The GFP 
fluorescence co-localized with these structures, indicating that CPY29::eGFP is localized in the 
vacuole. Furthermore, sub-apical cells showed lager vacuoles, while apical cells contain view large 
vacuoles and a majority of small vacuoles (Fig. 2B). Localization of eGFP fluorescence in vacuoles 
was further confirmed by staining vacuoles with 7-amino-4-chloromethylcoumarin (CMAC-arg) 
(Fig. 2C III). Vacuole formation was monitored by time-lapse microscopy during spore swelling 
prior to germination. This revealed that within conidia several small vacuoles are present and fuse 
together, to form larger vacuoles, prior to germination (Fig.2D).  
Our experiments show that the first 29 amino acids from A. niger CPY are sufficient to 
efficiently target the CPY29::eGFP fusion protein to the vacuole in A. niger. 
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Figure 2. Visualization of vacuoles in Aspergillus niger by expression of CPY29::eGFP. Hyphae of the transformants 
were observed by differential interference contrast microscopy (DIC) (panel A I) and Confocal Laser Scanning 
microscopy (CLSM) (A II). Spores were germinated on a cover slip under submerged cultivation conditions and were 
incubated O/N at 30ºC. Cover slips were put on a glass slide prior to microscopical analysis. A) Sub-apical cells show 
lots of vacuoles -“hollow” structures- using DIC microscopy and eGFP co-localizes at these vacuoles. B) Apical cells 
of the hyphae showing smaller vacuoles when compared to vacuoles in sub apical hyphae as shown in A. C) eGFP 
fluorescence observed in vacuoles of the basal cells of germinated spores (II). C III, shows localization of CMAC-arg 
after staining in similar structures where eGFP is also detected. D) non-germinated spores already contain eGFP 
localized in small vacuoles. Scale bar represents 10 μm. 
 
3.3 Visualization of the endoplasmic reticulum by expressing sGFP-HDEL 
 
Visualization of the endoplasmic reticulum (ER) in fungi has previously been shown by Gordon et 
al. (2000) and Fernández-Ábalos et al. (2001). The study on ER dynamics in germinating spores 
was impossible because the expression was driven by the glucoamylase promoter. The 
glucoamylase promoter is inactive during spore germination and any result will be visible only after 
germination. Therefore we constructed a slightly different GFP fusion protein that makes the 
visualisation of ER compartment possible at any growth stage. The fusion protein consists of the 
catalytic domain from glucoamylase fused to sGFP(S65T) with the addition of the C-terminal 
tetrapeptide HDEL, which is normally present at luminal ER proteins and the constitutive 
glyceraldehyde-3-phosphate dehydrogenase promoter (gpdA). Luminal ER resident proteins are 
retained by their HDEL signal. In S. cerevisiae evidence suggests that when ER resident proteins 
escape, the HDEL is recognized by a receptor in another compartment and the escaped ER protein 
is retrieved from the secretory pathway and returned to the ER (Dean and Pelham, 1990; Pelham, 
1996). Transformants expressing pXW2 (PgpdA-GlaAG2::sGFP-HDEL-TtrpC) showed 
intracellular fluorescence and an absence of fluorescence at the periphery of the cells. 
Transformants were mainly observed during germination and up to 4 hours after. In non-
germinated spores intracellular fluorescence was already present and after germination, during the 
initial stage of spore swelling, fluorescence was continually found intracellular (data not shown). A 
later stage of growth showed fluorescence located throughout the germling (Fig. 3A). and was 
similarly localized as found by Gordon et al (2000) and Fernández-Ábalos et al. (2001). 
Furthermore, comparing the internal fluorescence in these transformants with intracellular 
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cytoplasmic fluorescence from a strain expressing PgpdA-sGFP(S65T) (Lagopodi et al., 2002) (Fig. 
3B), reveals that the addition of the C-terminal tetrapeptide HDEL and the gpdA promoter result in 
intracellular fluorescence which represents the ER observed at the initial stage of growth (Fig. 3). 
 
 
 
 
Figure 3. Visualisation of the endoplasmic reticulum (ER) in Aspergillus niger. Transformants carrying Pgpd-
GlaA2::sGFP-HDEL-TtrpC were cultivated on cover slips at 30ºC. A) Microscopic analysis showed fluorescence in ER 
structures by retention of the fusion protein which is normally secreted. B) Strain harbouring Pgpd-GFP showing 
localization of GFP in the cytoplasm of the hyphae. Scale bar represents 10 μm. 
 
3.4 Using eGFP as a reporter to monitor glucoamylase expression in individual hyphae of 
Aspergillus niger 
 
To study expression of glucoamylase in living hyphae in A. niger we compared GFP 
expression controlled by the inducible glucoamylase promoter (PglaA) to GFP expressed under 
control of the constitutive glyceraldehyde-3-phosphate dehydrogenase promoter (PgpdA). The 
expression vector, PglaA-sGFP-TtrpC, carries the A. niger glucoamylase promoter (PglaA) 
regulating sGFP expression with the Aspergillus nidulans trpC terminator (TtrpC) sequences 
(Siedenberg et al., 1999). Vector AR19, PpgdA-sGFP(S65T)-TtrpC, consists of the sGFP(S65T) 
regulated by the gpdA promoter and trpC terminator (Lagopodi et al., 2002). Transformants 
containing the PglaA-sGFP(S65T) construct or the PgpdA-sGFP(S65T) construct were observed by 
fluorescence microscopy. Transformants with fluorescence from either PglaA-sGFP(S65T)-TtrpC 
or PpgdA-sGFP(S65T)-TtrpC were purified and grown in a 2-dimensional culture (sandwich 
culture) with maltose as a carbon source. The 2-dimensional grown fungus was analyzed for 
expression of the sGFP(S65T) gene within the whole colony (from centre to the edge) and in 
individual hyphae. 
Analysis of transformant (AR#9) expressing sGFP(S65T) from the glaA promoter, showed 
bright fluorescence in the central zone of the colony when the transformants were grown on a 
glucoamylase inducing carbon source (maltose) (Fig. 4A). Fluorescence in figure 4A is less intense 
than fluorescence in figure 4B. This suggests that the glaA promoter is active in the central zone of 
the colony and inactive in the periphery of the colony. When transformant (AR#19), carrying the 
sGFP(S65T) gene under control of the constitutive gpdA promoter, were grown in 2-D and 
analyzed, fluorescence was found throughout all hyphae; hyphae in the central zone, hyphal 
branches and in the periphery of the colony (Fig. 4B). This suggests that the gpdA promoter is 
active in all hyphae throughout the whole colony. These results indicate that the localization of 
expression of the two promoters is different. 
To confirm the difference in localization of expression between the glucoamylase- and 
glyceraldehydes 3-phosphate dehydrogenase promoter new strains were constructed in which 
diffusion of the GFP reporter protein was reduced (as shown by Vinck et al., 2005). To limit 
extended diffusion of newly synthesized eGFP protein or travelling between different hyphal 
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compartments, we constructed two GFP expression vectors in which the GFP protein is targeted to 
the nucleus and expressed from either the glaA promoter or the gpdA promoter. Vector pMA25 
(PglaA-H2B::eGFP-TtrpC), consists of a fusion gene with A. nidulans histone 2B (Maruyama et al., 
2001) fused with the enhanced green fluorescent protein (eGFP) that is under the control of the 
inducible glaA promoter. Vector pMA26 (PgpdA-H2B::eGFP-TtrpC) gives constitutive expression 
of the H2B::eGFP fusion gene. Fluorescence in nuclei of the strain expressing pMA25 (PglaA- 
H2B::eGFP-TtrpC) grown in 2 dimensional direction was located in the central zone of the colony. 
In the hyphal apex fluorescence was absent (Fig. 4C). Observing the location of eGFP in the strain 
expressing pMA26 (PgpdA-H2B::eGFP-TtrpC) revealed that all nuclei throughout the hyphae are 
fluorescent, indicating that eGFP is expressed everywhere (Fig. 4D). 
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Figure 4. Localization of glucoamylase gene transcription in transformants that are grown in a 2 dimensional direction 
(sandwich culture) for 2 days at 30ºC. A) Transformant containing PglaA-sGFP(S65T) grown under induced cultivation 
conditions. Hyphae in the central zone show fluorescence located in the cytosol whereas hyphae in the periphery of the 
colony cytosollic fluorescence is absent. B) Transformant expressing PgpdA-sGFP(S65T), bright cytoplasmic 
fluorescence is located in hyphae of the central zone and in the periphery. C) In transformant MA25#2 carrying PglaA-
H2B::eGFP-TtrpC (pMA25), fluorescence was found in nuclei in hyphae of the central zone only. D) Transformant 
MA26#2 expressing PgpdA-H2B::eGFP-TtrpC (pMA26) showed fluorescence in nuclei located in all hyphae. Scale bar 
indicates 200 μm. 
 
The transformants, carrying either the pMA25 (PglaA-H2B::eGFP-TtrpC) (MA25#2) vector 
or the pMA26 (PgpdA-H2B::eGFP-TtrpC) vector (MA26#2), were also analyzed for expression 
using fluorescence microscopy. When transformants carrying pMA25 (PglaA-H2B::eGFP-TtrpC), 
were grown on non-induced medium (xylose) fluorescence remained absent (Fig. 5). Expression of 
the glucoamylase promoter was observed after switching the transformant from a non-induced 
growth medium (xylose) to an induced growth medium (maltose). Transformants were analyzed for 
GFP fluorescence during various time point after the medium switch, t=0, 120 and 180 minutes. In 
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the growing hyphae of strain MA25#2 at time point t=0 no fluorescence was detected (Fig. 5). At 
t=120, little fluorescence was only seen in nuclei within spores (data no shown). When hyphae 
were observed after 3 hours (t=180), the fluorescence was detected at nuclei in some hyphae of the 
central zone and was very heterogeneous. Fluorescence remained absent in the periphery of the 
colony (Fig. 5). Transformant MA26#2, harbouring pMA26 (PgpdA-H2B::eGFP-TtrpC) showed 
fluorescence in all nuclei, directly after pre-cultivation with xylose and during all time points after 
the medium switch (Fig. 5). When MA26#2 was only cultivated on xylose an identical fluorescence 
in nuclei was observed (data not shown), indicating that expression is independent of the carbon 
source. Interestingly, in strain MA25#2 a clear variation in fluorescence within one hyphae could 
be observed after the induction with maltose (data not shown), indicating a heterogeneity in gene 
expression as was previously described by Vinck et al. (2005). The localization of gene expression, 
observed with the nucleus targeted GFP (MA25#2), showed similar localization when compared 
with the cytosollic expressed GFP from strain AR#9. To explore whether the site of expression 
influences the site of secretion we decided to also focus on localization of secretion of the 
glucoamylase protein. 
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 Figure 5. Localization of glucoamylase gene transcription by expressing PglaH2B::eGFP. Transformants were grown 
in a cover slip under non-induced cultivation conditions at 30ºC and growth medium was switched at t=0 to induce the 
glucoamylase promoter. At t=0 fluorescence was absent cells of the germinated spores. At t=120 fluorescence remained 
absent in apical cells of growing hyphae whereas in some basal cells fluorescent nuclei were present. After 180 minutes 
of incubation more nuclei showed fluorescence in basal cells and in sub apical cells of hyphae. 
 
 
3.5 Localization of the site of secretion for glucoamylase in Aspergillus niger single hyphae 
 
To study the localization of glucoamylase secretion in single hyphae, a fusion gene of 
glucoamylase A G2 (GlaAG2) with the enhanced green fluorescent protein (eGFP) was made. This 
construct was made by replacing the sGFP gene from GLA514-sGFP (Gordon et al., 2000) with 
eGFP (as described in Materials and Methods) resulting in the vectors pXW9 (PglaA-
GlaAG2::eGFP-TtrpC) and pXW7 (PgpdA-GlaAG2::eGFP-TtrpC). Transformants isolated with 
only one of the two vectors were, XWA9#16 with pXW9 and XWA7#45 containing pXW7. 
XWA9#16 and XWA7#45 were grown in growth medium with maltose as a carbon source and 
hyphae were observed for green fluorescence using confocal laser scanning microscopy (CLSM). 
Transformant XWA7#45, expressing pXW7 (PgpdA-GlaAG2::eGFP-TtrpC) showed a low 
fluorescence signal at the apex of leading hyphae. With increasing distance from the apex towards 
sub-apical cells the fluorescence intensity increased and was detected at septa and at the cell wall of 
the cells (Fig. 6). Fluorescence intensity was highest in hyphae containing large vacuoles (data not 
shown). This result is in contrast with the results found for the expression data of the gpdA 
promoter where bright fluorescence was found throughout the hyphae. 
 
Chapter 2 
 
70 
 
 
Figure 6. Localization of glucoamylase secretion by expressing PglaA-GlaA(G2)::eGFP-TtrpC and PgpdA-
GlaA(G2)::eGFP-TtrpC. Transformants were cultivated on cover slips in liquid cultivation medium with 1% maltose as 
a carbon source. Cover slips were put on glass slides before they were analyzed microscopically. (a)-(e) Transformants 
carrying PgpdA-GlaA(G2)::eGFP-TtrpC where fluorescence is observed in the cell wall; (a) (b) fluorescence was 
observed at the cell wall and septum directly after formation of the first septum; (c) when the transformant has multiple 
septa, fluorescence is located at the cell wall and septa of basal and sub apical cells; (d) fluorescence was absent at the 
cell wall of the hyphal tip (see arrow); (e) fluorescence is present in septa (arrow) and the cell wall (arrow) of sub 
apical cells, hyphal branches contain low fluorescence (arrow). (f) Transformant carrying PglaA-GlaA(G2)::eGFP-
TtrpC where fluorescence is located mainly at septa and at basal cells fluorescence is present at the cell wall. Cell wall 
fluorescence is absent at the hyphal tip. Scale bar indicates 20 μm. 
 
 
In strains expressing PglaA-GlaA(G2)::eGFP-TtrpC (pXW9), fluorescence was mainly 
present at the cell wall of sub-apical hyphae and absent at the cell wall in the hypal tip. In sub-
apical cells, fluorescence is observed at septa and at the cell wall of 24 hrs cultivated strains. Cell 
wall fluorescence was also absent in hyphal branches of the sub-apical cells (Fig. 6f). It is known 
that the glucoamylase promoter is inactive during the first 19 hours of germination (Dr. A. Ram, 
personal communication). Therefore we observed no fluorescence during these early stages of 
germination (data not shown). This gene transcription data shows similarity with the localization of 
the glaA promoter activity. 
a 
b 
c 
d 
e 
f
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4. Discussion 
 
Monitoring dynamic processes in living cells using the Green Fluorescent Protein (GFP) 
was been widely reported including filamentous fungi (Gordon et al., 2000; Khalaj et al., 2001; 
Fischer, 1999; Maruyama et al., 2002; Masai et al., 2003) Here we report the use of the Green 
Fluorescent Protein (sGFP(S65T) and eGFP) as a visualisation reporter to study dynamic processes 
in Aspergillus niger. 
The eGFP fluorescence in A. niger expressing histone 2B::eGFP is localized at nuclei 
indicating that the A. nidulans histone 2B targets the fusion protein to nuclei in A. niger which is 
also observed in another Aspergillus species, A. oryzae (Maruyama et al., 2001) and in mammalian 
cells (Kanda et al., 1998). We demonstrate that the fluorescence of H2B::eGFP is associated with 
nuclei throughout the cell cycle. Thus, the H2B::eGFP system is a suitable method for monitoring 
dynamic nuclear events throughout the cell cycle in A. niger which gives the possibility to study the 
relationship between nuclear division, nuclear distribution and septum formation (Fig. 1B III). 
Furthermore, this system can be used to e.g. 1) further characterize mutants that show nuclear 
migration defects or 2) further characterizing genes involved in the nuclear migration process 
(Morris, 2000). 
Vacuoles can be observed as “hollow” structures by differential interference contrast 
microscopy (DIC) because of their lower refractive index compared to the surrounding cytosol. 
eGFP fluorescence in A. niger strain MA23, expressing CPY29::eGFP, was localized in these 
“hollow” structures indicating a successful targeting of GFP to the vacuole. Vacuolar localization 
of CPY29::eGFP was also confirmed by counter staining with CMAC-arg. During our work a 
similar approach had been developed to visualize vacuoles in A. oryzae where they obtained similar 
results. In their approach they fused the complete cpyA gene from A. nidulans (Oshumi et al., 2001) 
to the coding sequence of eGFP. The GFP fluorescence was localized in vacuoles (Ohneda et al., 
2002). In our study, results show that the first 29 amino acids from A. niger CPY –homologous to 
S. cerevisiae CPY- is sufficient to target the eGFP protein to the vacuole. Fluorescence was visible 
in vacuoles from the early stage of germination of the spore during swelling and germ tube 
formation. GFP fluorescence in vacuoles of non-germinated spores was observed in small spherical 
structures which expand or fused to each other to form a larger spherical structure(s) during spore 
swelling. These small structures might be pre-vacuolar compartments or late endosomes that fuse to 
become a mature vacuole. Expression of CPY29::eGFP permits us to monitor and study vacuolar 
dynamics in A. niger. Furthermore, this reporter system enables the characterization of vacuolar 
mutants (Weenink et al., submitted, Chapter 4; Ohneda et al., 2002) or mutants affected in 
endocytosis or intracellular membrane traffic. 
Visualization of another organelle, the endoplasmic reticulum (ER), was carried out by 
expression of GlaA(G2)::sGFP(S65T)::HDEL. The GlaAG2::sGFP(S65T) protein is normally 
secreted but the addition of the tetrapeptide HDEL resulted in the intracellular localization of eGFP 
fluorescence. Normally when GlaAG2::sGFP(S65T) is expressed and secreted, fluorescence can be 
observed at the cell wall and septa which is observed in the control strains XWA7#45 expressing 
pXW7 (PgpdA-GlaAG2::eGFP-TtrpC) and XWA9#16 expressing pXW9 (PglaA-GlaAG2::eGFP-
TtrpC). The C-terminal tertapeptide HDEL -from S. cerevisiae- is able to retain the 
GlaAG2::sGFP(S65T) fusion protein intracellular. GFP fluorescence was found throughout the cell 
and was not limited to the direct surrounding of the nucleus. 
To localize the site of transcription of the glucoamylase protein, the glucoamylase promoter 
(PglaA) was used to express sGFP(S65T). Fluorescence of sGFP(S65T) was detected intracellularly 
in the cytoplasm of cells in the central zone of the colony but fluorescence was absent in cells at the 
periphery of the colony. When expression of sGFP is controlled by the glyceraldehyde-3-phosphate 
dehydrogenase promoter (PgpdA), fluorescence is found throughout the hyphae. Since the sGFP is 
located intracellular in the cytoplasm, cytoplasmic streaming or diffusion can influence the location 
of sGFP protein. To limit the diffusion of the sGFP protein the GFP-reporter was targeted to the 
nucleus using histone 2B. We hypothesize that newly synthesized H2B-GFP fusion protein (PglaA-
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H2B::eGFP-TtrpC (pMA25)) enters the nearby nuclei and would thereby mark the location of gene 
transcription of glucoamylase within the hyphae. Localization of gene transcription of H2B::eGFP 
was similar with the results found for the strain with the cytoplasmic expressed sGFP (Fig 4). This 
suggests that the activity of the glucoamylase promoter is only localized in hyphae of the central 
zone of the colony. Thus transcription of glucoamylase is located in sub-apical regions of fungal 
hyphae. In contrast, Gordon et al. (2000) showed, with GFP as a reporter, that glucoamylase 
secretion was located primarily at the hyphal apex which supported the hypothesis made by Wösten 
et al. (1991). Therefore we decided to look at the localization of glucoamylase secretion. 
Localization of glucoamylase secretion in A. niger was studied by expressing a 
GlaA(G2)::eGFP protein regulated by the glaA promoter (pXW9). Fluorescence was mainly found 
in sub-apical regions at septa and the periphery of the cells. Fluorescence was absent in hyphae in 
the periphery of the colony which is in agreement with the data found on gene transcription. As a 
control, strain XWA7#45, carrying pXW7 with the gene expression regulated by the constitutive 
gpdA promoter, was observed. Here fluorescence was mainly detected in sub-apical cells, the cell 
wall and septa. This result is in disagreement with the gene transcription data where the GFP is 
targeted to the nucleus and also expressed by the gpdA promoter. This suggests that the expression 
of glucoamylase and its release of the GFP-fusion protein in the medium is located in hyphae of the 
central zone of a fungal colony. Previously Wösten et al. (1991) demonstrated glucoamylase 
secretion was predominantly localized at the fungal apex and Gordon et al. (2000) supports this 
hypothesis by monitoring protein secretion with a glucoamylase-sGFP fusion protein. Recently, 
Vinck et al. (2005) showed variations in the amount of GFP present when different hyphae are 
compared. In our strains variation of GFP fluorescence was mainly observed within one hyphae 
and expression regulated by gpdA promoter (Fig. 6e) or after induction of strain MA25 (t=180) and 
strain MA26 where the GFP is targeted to the nucleus (Fig. 5). 
Our results on secretion of the GlaA(G2)::eGFP fusion protein is in disagreement with the 
previous findings but protein secretion might be more complicated than is assumed until now. To 
explain the absence of GFP at the hyphal tip (Fig. 6d arrow), the time necessary for proteins to 
undergo secretion might be very important. It might be that GlaA(G2)::eGFP is very efficiently 
secreted at the hyphal apex with such a high rate that the GFP protein is not completely processed 
and/or unable to become active and therefore GFP fluorescence is difficult to detect. To overcome 
this, slowing down the growth process and protein secretion by lowering the temperature to such a 
low level that GFP can be detected has been success full (Gordon et al., 2000). Kinetics of protein 
synthesis and protein secretion of cellobiohydrolase I (CHBI) showed a synthesis time of 4 minutes 
and a secretion time of 11 minutes in shake flask cultures (Pakula et al., 2000). This might indicate 
that GFP needs more time or better processing to be visible at the hyphal apex. To overcome these 
bottlenecks a different GFP, with better characteristics for folding and processing, has to be used. 
Furthermore, the absence of fluorescence at the hyphal apex can be explained by the fact that 
protein secreted at the apex is diluted. Protein located at sub-apical hyphae are not diluted into the 
medium because of the cross-linking of the cell wall by which they are trapped and therefore 
visible. 
Another possible explanation is that the pH of the outer medium is not optimal for eGFP to 
be active and therefore remains undetected. Therefore we buffered the growth medium to facilitate 
optimal conditions for GFP. Analysing strain XWA9#16 and XWA7#45 for GFP fluorescence 
revealed no difference in the GFP localisation (data not shown). Lowering the pH of the cultivation 
medium resulted in the absence of GFP fluorescence at the cell wall due to the non-optimal 
environment for GFP. We hypothesised that if there are any hot spots where glucoamylase-GFP is 
actively secreted the fluorescence will be detectable with the critical pH of the growth medium. The 
sites where glucoamylase-GFP is located in the cell wall and not actively secreted, fluorescence 
will fade and not be visible. Growing strain XWA7#45 in media with different pH, ranging 
between pH 5 and pH 6.5 with steps of pH 0.1, did not result in the visualization of apical 
fluorescence nor other “hot spots” where actively secretion of the fusion protein appears (data not 
shown). 
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 Our results on the location of protein secretion and our gene transcription data are partially 
in disagreement with previously published data. We favour the idea that protein secretion takes 
place at the hyphal tip (model of Wösten et al., 1991) and therefore we hypothesise that protein 
synthesis (GlaA(G2)::eGFP) of the fusion protein occurs only in sub-apical hyphae and that these 
proteins are transported through hyphae to the hyphal apex prior to secretion. 
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Abstract 
 
DNA fragments containing genetic information for five secretion-related small GTPases of 
Aspergillus niger (srgA-E), were isolated and identified as members of different Rab/Ypt 
subfamilies. This isolation and the search for similar sequences in fungal genomic and EST 
databases showed that, in contrast to Saccharomyces cerevisiae, filamentous fungi also possess 
homologues of mammalian Rab2 GTPases. Multiple transcripts with unusually long 5’ and 3’ 
untranslated regions were found for all srg genes. Their level of expression was independent of the 
type of carbon source used for growth. Although the transcripts of srgA and srgB were abundant to 
the same extend throughout the cultivation, that of the other genes peaked during the early growth 
phase and then declined. Two genes, srgA and srgB, were characterized further. The protein 
encoded by srgA exhibited relatively low identity (58%) to its closest S. cerevisiae homologue 
Sec4, whereas the protein encoded by srgB showed 73% identity with S. cerevisiae Ypt1. In 
contrast to other SEC4 homologues, srgA was unable to complement an S. cerevisiae sec4 mutant, 
and its disruption was not lethal in A. niger. srgA mutants displayed a twofold increase in their 
hyphal diameter, unusual apical branching and strongly reduced protein secretion during growth on 
glucose. 
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1 Introduction 
 
With the progress in the molecular genetics of filamentous fungi, such as Aspergillus, 
Trichoderma and Neurospora, these organisms have become attractive hosts for high-level 
production and secretion of homologous and heterologous proteins. Their advantages over the 
eukaryotic model organism Saccharomyces cerevisiae are the considerably higher yields of 
secreted proteins and, in contrast to other unicellular eukaryotic expression hosts, such as 
Hansenula and Pichia, fermentation technology and upscaling approaches, particularly for the 
production of homologous proteins, are already developed at a commercial level (for a review, see 
Verdoes et al., 1995). 
However, the use of filamentous fungi for heterologous protein production still suffers from 
the fact that yields are much lower in most cases than those for homologous proteins (Gouka et al., 
1997). Although several strategies, such as the development of protease mutants and the use of the 
gene fusion approach, have improved the yields of heterologous proteins (Gouka et al., 1997), 
detailed information on why heterologous proteins are secreted at lower levels is not available. A 
more basic knowledge of the pathways and components of the fungal secretory pathway  as is 
available for S. cerevisiae may lead to the identification of the bottlenecks in the secretion of 
heterologous proteins. First attempts in this direction revealed that the protein secretory pathway in 
filamentous fungi displays significant differences from that of S. cerevisiae (Punt et al., 1998; 
Ngiam et al., 2000; A.V. Conesa et al., in preparation). 
The secretion-related small GTPases of the Rab/Ypt family form the largest branch of the 
Ras superfamily of GTPases and have a central role in the secretory pathway, as they control 
specific vesicular transport steps. The various GTPases cycle between donor and acceptor 
membranes, thereby binding GTP in their membrane-associated form. Upon fusion with the 
membrane, the GTP is hydrolysed to GDP, and the GTPase is finally released from the acceptor 
membrane. After binding to the donor membrane, GDP is exchanged for GTP, and the cycle is 
initiated again. Results obtained with yeast and higher eukaryotes established that each of the 
various transport steps in the secretion route has its specific GTPase(s) (Novick and Brennwald, 
1993; Nuoffer and Balch, 1994; Martinez and Goud, 1998). In S. cerevisiae, 10 conventional 
secretion-related small GTPases of the Ypt/Rab family, which are involved in six different 
transport steps, have been identified (Lazar et al., 1997). Some of us have reported previously on 
the isolation and analysis of one of the secretion-related, small GTPase genes, sarA, the functional 
homologue of S. cerevisiae SAR1, which is a member of the ARF family of GTPases (Veldhuisen 
et al., 1997). 
Here, we report the identification and analysis of the expression of genes encoding small 
GTPases belonging to the Ypt/Rab family of Aspergillus niger and also present a preliminary 
characterization of the function of one gene putatively forming an S. cerevisiae SEC4 homologue. 
The S. cerevisiae Sec4 protein plays an essential role in vesicle transport from the post-Golgi 
compartment to the plasma membrane (Goud et al., 1988; Walworth et al., 1989). Sec4 homologues 
have also been identified in other unicellular eukaryotes and encode essential proteins with 
sequence identities of 60-70% to S. cerevisiae SEC4 that are able functionally to complement S. 
cerevisiae sec4 mutants (Haubruck et al., 1990; Pertuiset et al., 1995;Clement et al., 1998). In 
contrast, the corresponding A. niger gene is unable to complement an S. cerevisiae sec4 mutant and 
encodes a protein of only 58% similarity to Sec4 and is not essential for cell viability in A. niger. 
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2 Experimental procedures 
 
2.1 Strains, culture conditions and transformation 
 
Aspergillus niger N402 (a cspA1 derivative of ATCC9029; Bos et al., 1988) and AB4.1 (a 
pyrG negative mutant of N402; Van Hartingsveldt et al., 1987) were used throughout this study. 
Strains were cultivated in Aspergillus minimal medium (Bennett and Lasure, 1991), supplemented 
with 10 mM uridine if required. Submerged cultivations were performed in 1 l Erlenmeyer flasks 
containing 250 ml of growth medium. DNA-mediated transformation of A. niger was carried out as 
described by Punt and Van den Hondel (1992). 
 
2.2 Determination of fungal growth 
 
To determine hyphal growth on agar plates, plates were inoculated with spores in the centre 
of an 11 cm plate, and the increase in colony diameter was measured twice a day. To measure 
growth in submerged cultures, the increase in biomass dry weight was recorded. Mycelia were 
harvested after various times, washed extensively with distilled water and dried to constant weight. 
 
2.3 Biochemical analyses 
 
Extracellular proteins were determined with the Bio-Rad protein assay. To detect 
intracellular GlaA, cell wall-bound GlaA was removed by a mild SDS extraction. Therefore, 
harvested mycelia were resuspended twice in an SDS buffer (0.05% SDS in 50 mM sodium 
phosphate) for 5 min at 95°C. This mild SDS extraction did not cause lysis of the fungal cells, as no 
glucose-6-phosphate dehydrogenase -a cytoplasmic protein- could be detected in the SDS extracts 
using Western analysis (results not shown). Subsequently, the treated mycelia were ground in 
liquid nitrogen, and the mycelial powder was suspended in extraction buffer {about 0.2 g of 
mycelial powder in 1 ml of extraction buffer [50 mM sodium phosphate buffer: 1 mM EDTA, 20 
µM phenylmethylsulphonyl fluoride (PMSF), 50 mM dithiothreitol (DTT), 2% SDS]}. Samples 
were centrifuged twice for 10 min (12 000 r.p.m. at 4°C), and the supernatant was transferred to a 
fresh tube. From this supernatant, 5 µg was used for SDS-PAGE and Western blotting. SDS-PAGE 
in 10% polyacrylamide gels and Western blotting were performed as described by Ausubel et al. 
(1993), using a monoclonal anti-glucoamylase antiserum (Verdoes et al., 1993). 
 
2.4 DNA and RNA manipulations. 
 
General molecular biological methods were carried out by standard procedures (Sambrook 
et al., 1989). Isolation of fungal DNA was carried out as described by Gruber et al. (1990b). A. 
niger RNA isolations were carried out with Trizol (Cinna Biotecx).  
Total yeast RNA was isolated by extraction with hot acidic phenol (Ausubel et al., 1993), 
and 10 µg of total RNA was used for formaldehyde gel electrophoresis. Membranes were 
hybridized with the complete srgA cDNA fragment. 
 
 
2.5 PCR amplification and hybridisation cloning of srg gene fragments 
 
PCR amplification of YPT/RAB-specific A. niger gene fragments was carried out on two 
available cDNA libraries (in pEMBLyex4: Veldhuisen et al., 1997; in λZAP: van den Brink et al., 
1995) using a RAB/YPT-specific primer corresponding to the G3 region of these proteins (W-D-T-
A-G-Q-E-R/S-F/Y; MBL1622 5'-GGAATTCTGGGAYACXGCXGGXCARGARMGXT-3') and 
primers corresponding to sequences flanking the cloning site in the library vectors. For the 
pEMBLyex4 library vector, primers MBL1588 (5'-CGTTCGAATACTAGGTTA-3') or MBL1589 
Chapter 3 
 
82 
(5'-GGATCAATTCGAGCTGGG-3') and for the λZAP library MBL1279 (5'-
GTAAAACGACGGCCAGT-3') or MBL1280 (5'-AACAGCTATGACCATG-3') were used. For 
amplification, 30 cycles of 1.5 min at 94°C, 1.5 min at 55°C and 1.5 min at 72°C were used. 
As these amplifications all resulted in a number of different DNA fragments, those 
fragments that corresponded to the expected size of genes encoding small GTPases [500-1200 bp; 
assuming 3' untranslated regions including poly(A) tails no longer than 700 bp], were digested with 
restriction enzymes with targets in the 5' and 3' ends of the amplified fragments (for the λZAP 
library, EcoRI or EcoRI-Acc65I; for pEMBLyex4, EcoRI-BamHI or EcoRI-Acc65.1, each 
depending on the cloning direction of the cDNA). The gel-purified fragments were analysed by a 
nested PCR approach using MBL1622 and either a primer set complementary to the poly(A) tail of 
the cDNA fragment (amplification conditions: 30 cycles of 1 min at 94°C, 1 min at 40°C and 1-2 
min at 72°C) or a primer specific for the G4 domain of the YPT/rab gene family (MBL1623; G/A-
N-K-X-D; 5'-GGAATTCTCXVXXYTTRTTXSC-3'; amplification conditions were 30 cycles of 1 
min at 94°C, 1 min at 35°C and 1-2 min at 72°C). As expected, in a large number of cases, the 
nested approach resulted in a specific fragment smaller than the original fragment in the PCR with 
MBL1622 and the poly(A)-specific primers. For the PCR with primer combination 
MBL1622/MBL1623, a fragment of the expected size (200 bp) was found in several cases. Those 
fragments giving the expected results in one or both reactions were cloned in EcoRI-Acc65I-
digested pUC18 or EcoRI-BamHI-digested pBluescript-II SK+. For each cloning from 12 
individual clones, plasmid DNA was isolated and rescreened by PCR, using primer MBL1622 in 
combination with a primer specific for sequences in the cloning vector (amplification conditions: 
30 cycles of 1 min at 94°C, 1 min at 40°C and 1-2 min at 72°C). All clones resulting in a specific 
PCR fragment of the size expected from the previous results were selected for further restriction 
enzyme analysis. In most cases, the individual clones obtained with a single gel-purified PCR 
fragment had an identical restriction pattern (results not shown). However, in a few cases, the 
clones obtained had different inserts, indicating that the original PCR fragment was a mixture of 
independent PCR fragments. In one case, this was confirmed further using the original PCR 
fragment as a probe for hybridization of a genomic blot. In various blotted restriction digests, three 
or four hybridizing bands were visible. In total, 18 clones were analysed further by sequence 
analysis. 
Heterologous hybridization experiments were carried out with a YPT7 probe (0.7 kb DraI-
XbaI fragment; Wichmann et al., 1992; obtained from D. Gallwitz) and a mammalian rab5 probe 
(0.6 kb BamHI-ClaI fragment from pGEM1-rab5; obtained from M. Zerial). Hybridization of the 
λBlueSTAR library, carried out at 62°C in 6x SSC resulted in a number of specifically hybridizing 
clones. DNA from these clones was analysed further by restriction analysis and heterologous 
hybridization. Hybridizing fragments were subcloned in pBluescript-II SK+ and analysed by PCR 
using MBL1622 and primers flanking the pBluescript cloning site. Subcloned fragments resulting 
in a specific PCR fragment were analysed by sequence analysis. 
 
2.6 Cloning of the A. niger srgA and srgB 
 
A genomic library of A. niger N402 in λBlueSTAR (Novagen) was screened with the 
HindIII-BamHI srgA PCR fragment (see above). The srgA gene was located on a 3.2 kb EcoRI 
fragment, isolated and cloned into pUC19, resulting in pSRG1. A HybriZAP cDNA library 
(Stratagene) was screened in the same way, from which two independent cDNA clones were 
obtained. Restriction fragments from the genomic and the cDNA clones were subcloned in pUC19 
or pBluescript SK+ and sequenced using an automatic sequencer (Li-Cor 4200 L-1). To isolate the 
srgB gene, the genomic library was screened with the srgB PCR fragment. The srgB gene was 
located on a 2.3 kb XbaI fragment that was cloned into pBluescript SK+ to give pSrgB1 
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2.7 Complementation of S. cerevisiae sec4 
 
Saccharomyces cerevisiae strain GUS-1D (MATα, sec4-8, ura3-52 ; Haubruck et al., 1990) 
was used for the complementation assay. Yeast strains were grown on YPD medium with 2% (w/v) 
glucose. pYES2 (Invitrogen) was used for the expression of srgA under the inducible GAL1 
promoter: The 650 bp XhoI-Alw44I srgA cDNA fragment comprising the protein-encoded region 
was blunt end ligated into the HindIII site of pYES2, resulting in pYES2srgA. pNB139 (CEN, 
URA3, SEC4;Salminen and Novick, 1987) was kindly provided by P. Novick. Transformation was 
performed according to the protocol of Gietz and Woods (1994). Transformants were selected on 
SD agar plates, containing 0.67% (w/v) Difco yeast nitrogen base and 2% (w/v) glucose, at 25°C. 
For induction or repression of the GAL1 promoter, either galactose or glucose [2% (w/v) final 
concentration] was added to the SD plates. 
Expression of srgA in the transformed S. cerevisiae strain GUS-1D was verified by 
induction with galactose (2% w/v). Strains were grown overnight in SD broth with glucose as 
carbon source; then, the cells were washed twice in distilled water and used to inoculate 25 ml of 
prewarmed SD broth with galactose as carbon source. Cells were harvested by centrifugation at 
various time points and transferred to 4°C before RNA isolation. 
 
2.8 srgA gene disruption and disruptant complementation 
 
Aspergillus niger srgA was disrupted by insertion of the T. reesei pyr4 gene, resulting in 
pDSRGA. A 3.1 kb EcoRI-EcoRV srgA fragment was excised from pSRG1 and cloned into the 
EcoRI and blunted HindIII sites, respectively, of pGEM-7Zf+ (Promega). Subsequently, a 530 bp 
HindIII-NcoI fragment, comprising around 225 bp of the 5' untranslated region and amino acids 
184 of the SrgA protein, was excised and replaced by a 2.7 kb SalI fragment containing the entire 
T. reesei pyr4 gene including 5' and 3' flanking sequences (Gruber et al., 1990a). From the resulting 
plasmid pDSRGA, the 5.3 kb EcoRI-BamHI fragment was used for gene disruption, resulting in A. 
niger strains BS16 and BS18. For functional complementation of BS18, it was co-transformed with 
pAN7.1 (Punt et al., 1987) and pSRG1 to generate BS18-SRGA1. 
 
 
3 Results 
 
3.1 Identification of a family of secretion related GTPase encoding genes (srg) in A.niger by a 
PCR approach 
 
The complete genome sequence of S. cerevisiae reveals 10 conventional members of the 
Ypt/Rab family (Lazar et al., 1997), which are all characterized by a number of family-specific as 
well as unique amino acid sequence motifs. Two of these motifs (G3 and G4) are conserved 
between all members of the family, whereas a further one (G2) represents the effector domain, 
which is important for functional specificity of the GTPases and is thus characteristic of individual 
GTPases within this subfamily. On the basis of this information, we designed an oligonucleotide 
primer specific for the amplification of gene fragments encoding the G3 domains of the various 
family members. PCR amplifications were carried out on two available cDNA libraries using this 
primer and a primer specific for the vectors used for the construction of the cDNA libraries. 
Selected PCR fragments resulting from these amplifications were analysed further by nested PCR 
using a G4-specific primer or a primer mixture complementary to the poly(A) tail of the cloned 
cDNA. Those fragments giving the expected results were cloned in pUC18 or pBluescript-II SK+ 
and reanalysed by specific PCR. All clones resulting in a specific PCR fragment of the size 
expected from the previous results were selected for further analysis. 
In total, 18 different clones were partially sequenced. Of these 18 clones, eight 
corresponded to six different small GTPase-encoding genes, whereas the other 10 clones carried 
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gene fragments for which the inferred amino acid sequence showed no homology to small GTPase-
encoding genes at all. Of the six small GTPase-encoding gene fragments, four were members of the 
secretion-related Ypt/Rab family (srgA, srgB, srgC and srgD), whereas the other two were 
members of other small GTPase families: one (racA; A. F. J. Ram et al., in preparation) belonged to 
the Rho subfamily, and the other (gspA) exhibited similarity to members of the Ran subfamily 
encoding a protein with highest similarity to S. cerevisiae Gsp1 (Table 1). 
 
3.2 Identification of a family of secretion related GTPase encoding genes (srg) in A.niger by 
heterologous hybridisation 
 
As the PCR approach failed to amplify fragments of homologues of the vacuolar small 
GTPases Rab5/Ypt51/2/3 and Ypt7 (Bucci et al., 1992; Wichmann et al., 1992; Armstrong et al., 
1993;Singer-Kruger et al., 1994; Haas et al., 1995), heterologous hybridization was also performed 
using rab5 and YPT7 as probes respectively. Hybridization with both probes resulted in the 
isolation of a number of different hybridizing clones. For several unrelated clones, the hybridizing 
fragments were subcloned in pBluescript-II SK+ and analysed by PCR with the G3-specific primer 
and vector primers. Partial sequence analysis of subclones giving a specific PCR fragment revealed 
that two clones hybridizing to the YPT7 probe carried small GTPase sequences. One of these clones 
carried the already identified srgB gene. The other clone carried a new secretion-related GTPase 
gene, which was termed srgE. A clone hybridizing with the RAB5 probe carried the already 
identified srgA gene. 
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Table 1. Sequences encoding fungal GTPases of the YPT/RAB gene family. 
  Accession no./ clone  
Gene  identification no.ag  5'/3' 5' UTRh 3' UTRh uATGi  
Neurospora crassa  
  Ncypt1  S51252,   5'/3' 165 nt 606 nt    
contig 1.670b             
  Ncypt2  a1e04ne.r1/f1a   5'/3' > 125 nt > 48 nt 113  
contig 1.988b             
  Ncypt3  W09F5c   5'/3' 133 nt 460 nt    
NM4H12c   5'/3' 76 nt 460 nt    
WO8F3c   5' 76 nt       
contig 1.18b             
  Ncypt5a  SC1D1c   5' 276 nt      
NM4C2c   5'/3' 220 nt 447 nt     
NMD2c   5' 220 nt       
a2f07ne.f1/r1a   5'/ 185 nt      
NM4D2c   3' 447 nt       
contig 1.567b             
  Ncypt5b  e4c08ne.f1/r1a   5'/3' 122 nt 256 nt    
a9g02ne.f1a   3'   > 51 nt     
contig 1.482b             
  Ncypt6  contig 1.390b           
contig 1.391b             
  Ncypt7  4O13-4d          
contig 1.199b             
  Ncrab2  NP4F1c   5'/3' 151 nt 369 nt    
SM2A1c   /3'  > 448 nt     
contig 1.53b             
Emericella (Aspergillus) nidulans  
  Enypt3  o5f05a1.r1a        
  Enypt5a  l3g11a1.f1/r1a   5'/3' 151 nt > 540 nt    
s9go2a1.r1/f1a   5'/3' 134 nt > 540 nt     
x1ho6a1.r1a          
l0a12a1.r1a   3'   > 540 nt     
  Enypt5b  r7e02a1.r1a   5' 228 nt   201  
g7a07a1.r1/f1a  5'/3' 222 nt > 180 nt 201   
  Enypt6  32%a5SL32A11.t7e           
  Enrab2  y6a01a1.r1a   5'/3' 182 nt > 57 nt 86/77  
Fusarium sporotrichoides  
  Fsypt1  c4b12fs.r1f  5' 93 nt      
p3h07fs.r1f   5' 65 nt       
d4c04fs.r1/f1f   5'/3' 126 nt 170 nt     
  Fsypt2  m2h04fs.r1f   5' 108 nt      
q2c03fs.r1f  5' 146 nt       
d1e10fs.r1f  5' 154 nt       
  Fsypt5  p2d02fs.r1   5' 253 nt      
d1d11fs.r1/f1f   5'/3' 269 nt > 350 nt     
g2e01fs.r1/f1f   5'/3' 253 nt > 192 nt     
Aspergillus niger  
  AnsrgA  AJ278658   5'/3' 298 nt 321 nt    
F7289#4g   3'   350400 nt     
F288#5g   3'   350400 nt     
  AnsrgB  AF24454/AJ278659 F689#7g  3'   300350 nt    
100U#6g   3'   250300 nt     
  AnsrgC  AJ278660 (F688#5g)  3'   181 nt    
  AnsrgD  AJ278662/AJ278661 (F489#4ag) 3'   30 nt    
  AnsrgE  AJ278657          
  AnracA  AJ404734 (F688#1g)  3'   450500 nt    
  AngspA  AJ404733 (F3189#4ag)  3'   400450 nt    
The gene designation of the Neurospora, Emericella and Fusarium sequences refers to the closest (S. pombe) homologues (ypt1-7). In one case, the 
closest homologues were not from S. pombe. Therefore, the acronym of the closest mammalian homologue was used (rab2).  
Sequences are retrieved from the following database sites:  
a. http://www.genome.ou.edu/fungal.html; (cDNA);  
b. http://www-genome.wi.mit.edu/annotation/fungi/neurospora/(genomic);  
c. http://biology.unm.edu/~ngp/ (cDNA);  
d. http://www.uniduesseldorf,de/www/mathnat/biochem/genome.html (genomic clones LG V);  
e. http://aspergillus-genomics.org; (genomic clones LG IV);  
f. http://www.genome.ou.edu/fsporo.html (cDNA).  
g. cDNA clones obtained in this work (see Experimental procedures).  
h. In several cases, the 5' or 3' ends of the available sequences did not show similarity to any GTPase sequence. This indicated that the 5' UTR or 3' 
UTR was longer than the available sequence (indicated by >). In a few cases, the available sequence was from two ends of a partial cDNA (indicated 
by ). For some of the A. niger clones, the approximate size of the cDNA was determined by PCR (indicated by nt range).  
i. The position of ATG codons in the 5' UTR upstream of the major open reading frame is indicated (relative to the ATG of the major ORF). 
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3.3 Molecular cloning of srgA and srgB 
 
Using the srgA and srgB PCR fragments as a probe, full genomic clones were isolated from 
the λBlueSTAR library of A. niger N402, and the complete sequence of srgA and srgB was 
determined. srgA contains an open reading frame (ORF) of 618 bp, which is interrupted by two 
introns of 54 and 70 bp and encodes a 206-amino-acid protein with a calculated Mr of 22.8 kDa. 
(Fig. 1A). Southern analysis also revealed that srgA is present as a single copy in the A. niger 
genome (not shown). The 606 bp ORF of srgB is interrupted by four putative introns of 237, 81, 58 
and 75 bp. The positions of these introns are identical to the positions observed for the four introns 
in the Neurospora crassa ypt1 gene (Heintz et al., 1992). In both genes, the first intron is 
exceptionally large and has a non-canonical donor site. As the position and distribution of the 
introns in the srgA and srgB genes are completely different, these two genes are unlikely to 
represent the result of a recent duplication. The coding region encodes a 201-amino-acid protein of 
22.3 kDa (Fig. 1B). The amino acid sequences of both genes exhibit typical features of other Rab-
like proteins, such as the presence of conserved motives for the binding of phosphate residues, 
magnesium ions and guanine (Nuoffer and Balch, 1994) as well as of two cysteines at the C-
terminus, which are supposed to be isoprenylated and involved in membrane attachment (Jiang et 
al., 1993). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Schematic representation of A. niger srgA and srgB genes. The open reading frame is given as an open box. 
The position of the conserved small GTPase domains (Table 2) is indicated G1 to G5 and C. The position of the introns 
is given by numbered black boxes. For srgA, the 5' and 3' ends of the cDNA are given by small arrows. The position of 
the HindIII and NcoI sites used for construction of the srgA disruption vector is indicated. 
 
 
A comparison of the amino acid sequence of SrgA with that of other known secretion-
related small GTPase proteins from various yeasts revealed the highest percentage identity (72%) 
with the protein encoded by the Schizosaccharomyces pombe ypt2 (Haubruck et al., 1990), 
followed by the proteins encoded by Yarrowia lipolytica RYL1 (68%; Pertuiset et al., 1995), 
Candida albicans SEC4 (61%; Clement et al., 1998), S. cerevisiae SEC4 (58%; Salminen and 
Novick, 1987) and Candida glabrata SEC4 (56%; AJ224685). All these proteins belong to the Sec4 
subfamily of GTPases and are characterized by a unique G2/effector domain (FITTIGIDF), which 
is also present in A. niger SrgA. The overall amino acid identity of the protein encoded by the srgA 
gene and proteins from the most similar subclass of secretion-related small GTPase families, i.e. 
the Ypt1 subfamily, is about 50-60%. This is similar to the amino acid identity between the proteins 
encoded by srgA and its putative S. cerevisiae homologue SEC4, indicating that the SrgA protein 
may take a somewhat intermediate position between the Sec4 and Ypt1 subfamilies. 
The deduced amino acid sequence of SrgB showed highest identity to a previously 
identified N. crassa Ypt1 homologue (93%; Heintz et al., 1992), and 80%, 75% and 85% to 
Phytophthora infestans, S. cerevisiae and S. pombe Ypt1 respectively (Gallwitz et al., 1983; 
Miyake and Yamamoto, 1990;Chen and Roxby, 1996). Also, all these proteins are characterized by 
a conserved G2/effector domain (YISTIGVDF). Based on these comparisons, we conclude that 
srgA and srgB are potential homologues of SEC4 and YPT1 respectively. 
 
87 
Identification and characterisation of a family of GTPase genes in A. niger 
 
3.4 Sequence comparison of various anonymous secretion related smGTPases from 
filamentous fungi  
 
Based on the results obtained by sequence analysis of SrgA and SrgB, it is evident that a 
sequence comparison with other members of the small GTPase gene family allows an initial 
classification of the cloned genes at the subfamily level. Hence, the amino acid sequences encoded 
by srgC, srgD and srgE were compared with the amino acid sequences deduced from gene 
fragments of secretion-related small GTPases available from other filamentous fungi and yeasts, 
including genomic and/or cDNA databases of Aspergillus nidulans, N. crassa and Fusarium 
sporotrichoides (http://www-genome.wi.mit.edu/annotation/fungi/neurospora, http://aspergillus-
genomics.org/, http://www.genome.ou.edu/fungal.html, http://biology.unm.edu/~ngp/, 
http://www.uni-duesseldorf.de/www/mathnat/biochem/genome.html, 
http://www.genome.ou.edu/fsporo.html). 
The genes identified thus are summarized in Table 1 and were named according to the S. 
cerevisiae, S. pombe or mammalian homologue to which they exhibited highest similarity in the 
blast search. A comparison of the inferred amino acid sequences of the various conserved regions is 
shown in Table 2. Comparison of the total available sequence of the various fungal cDNA allowed 
us to align the various srg genes to specific functional groups, confirming the earlier classification 
of srgA and srgB as Sec4 and Ypt1 subfamily members. Furthermore, it suggests that srgC belongs 
to the Ypt6 subfamily; srgD is most similar to the mammalian rab2/RAB2 gene for which no 
immediate homologues exist in S. cerevisiae. srgE, for which only a relatively small sequence is 
available, most probably belongs to the Ypt31/32 subfamily. 
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Table 2. Comparison of various conserved small GTPase domains from available yeast and fungal secretion-related 
GTPases from the YPT/RAB family. 
G1  G2  G3  G4 G5 C 
ScYPT1  GNSGVGKS YISTIGVDF WDTAGQERF GNKCD  FLETSAL  GGCC* 
SpYPT1  GDSGVGKS YISTIGVDF WDTAGQERF GNKSD  FLETSAK SNCC* 
PiYPT1  GDSGVGKS YISTIGVDF WDTAGQERF GNKSD  FLETSAK SKCC* 
NcYPT1  GDSGVGKS YISTIGVDF WDTAGQERF GNKSD  FLETSAK GGCC* 
FsYPT1  GDSGVGKS YISTIGVDF WDTAGQERF -  -  NSCC* 
AnSrgB  GDSGVGKS YISTIGVDF WDTAGQERF GNKSD  FLETSAK GGCC* 
 
ScSEC4  GDSGVGKS FITTIGIDF WDTAGQERF GNKSD  FIESSAK  SNCC* 
SpYPT2  GDSGVGKS FITTIGIDF WDTAGQERF GNKCD  FLEASAK KRCC* 
YlRYL1  GDSGVGKS FITTIGIDF WDTAGQERF GNKCD  FLEASSK SKCC* 
CgSEC4  GDSGVGKS FITTIGIDF WDTAGQERF GNKSD  FIESSAK  SNCC* 
CaSEC4  GDSGVGKS FITTIGIDF WDTAGQERF GNKCD  FLEASAK NNCC* 
NcYPT2  GDSGVGKS FITTIGIDF WDTAGQERF GNKCD  FLEVSAK GKCC* 
FsYPT2  GDSGVGKS FITTIGIDF WDTAGQERF -  - - 
AnSrgA  GDSGVGKS FITTIGIDF WDTAGQERF GNKCD  FLEVSAK GKCC* 
 
ScYPT31  GDSGVGKS SKSTIGVEF WDTAGQERY GNKSD  FTETSAL  NNCC* 
ScYPT32  GDSGVGKS SKSTIGVEF WDTAGQERY GNKSD  FTETSAL  SNCC* 
SpYPT3  GDSGVGKS SKSTIGVEF WDTAGQERY GNKTD  FIETSAM  SQCC* 
NcYPT3  GDSGVGKS SKSTIGVEF WDTAGQERY GNKSD  FIETSAL  SGCC* 
EnYPT3  -  SKSTIGVEF WDTAGQERY GNKSD  FIETSAL  - 
AnSrgE  -  -  WDTAGQERY GNKSD  FIETSAL  - 
An01g06060 GDSGVGKS SKSTIGVEF WDTAGQERY GNKSD  FIETSAL  QGCC* 
 
ScYPT51  GEAAVGKS KEPTIGAAF WDTAGQERF GNKID  FFETSAK SACSC* 
EnYPT5A  GEAAVGKS KEPTIGAAF WDTAGQERF   FFETSAK EGCAC* 
NcYPT5B  GEAAVGKS KEPTIGAAF WDTAGQERF GNKLD  FFETSAK EGCAC* 
ScYPT52  GDSSVGKS RESTIGAAF WDTAGQERY GNKVD  FREVSAK TSCCS* 
SpYPT5  GDSAVGKS RESTIGAAF WDTAGQERY GNKLD  FFETSAK GSCSC* 
NcYPT5A  GESAVGKS RESTIGAAF WDTAGQERY GNKLD  FFETSAK GPCAC* 
EnYPT5B  GESAVGKS RESTIGAAF WDTAGQERY GNKLD  FFETSAK GACNC* 
FsYTP5  GESAVGKS RESTIGAAF -  -  -  - 
ScYPT53  GESAVGKS KEPTIGAAF WDTAGQERF GNKMD  YFEASAK GGCNC* 
An02g06400 GEAAVGKS KEPTIGAAF WDTAGQERF GNKLD  FFETSAK EGCAC* 
An04g02470 GESAVGKS RESTIGAAF WDTAGQERY GNKLDL  FFETSAK GSCNC* 
 
ScYPT6  GEQGVGKT YQATIGIDF WDTAGQERF GNKSD  FMETSTK SACQC* 
SpRYH  GEQSVGKT YQATIGIDF WDTAGQERF GNKTD  HMETSAK SSCNC* 
Ncypt6  GEQSVGKT YQATIGIDF WDTAGQERF GNKTD  FVETSAK EGCAC* 
EnYPT6  -  YQAPIGNCF WDTAGQERF GNKTD  FIETSAK  DGCAC* 
AnSrgC  -  -  WDTAGQERF GNKTD  FIETSAK  DGCAC* 
An15g05740 GEQSVGKT YQATIGIDF WDTAGQERF GNKTD  FIETSAK  DGCAC* 
 
ScYPT7  GDSGVGKT YKATIGADF WDTAGQERF GNKID  LFLTSAK  NSCSC* 
SpYPT7  GESGVGKT YKATIGADF WDTAGQERF GNKVD  YFETSAK TSCYC* 
NcYPT7  GDSGVGKT YKATIGADF WDTAGQERF GNKID  YFETSAK DGCAC* 
CaYPT7  GDSGVGKT YKATIGGDY WDTAGQERF GNKSD  LMEISAK  SSCAC* 
An18g02210 GDSGVGKT YKATIGADF WDTAGQERF GNKID  YFETSAK DGCAC* 
 
ScYPT10  GDSSVGKT HAATIGAAF WDTAGQERY GNKYD  YVAVSAK SGCIC* 
 
NcRAB2  GDSGCGKS HDVTIGVEF WDTAGQETY GNKAD  YVETSAK GGCC* 
EnRAB2  GDSGTGKS HDVTIGVEF WDTAGQERY GNKSD  YVETSAK GGCC* 
AnSrgD  GDSGTGKS HDVTIGVEF WDTAGQERY GNKSD  YVETSAK GGCC* 
 
SpRAB4  GPSGTGKS VSHTVGIDF WDTAGQEKF GSKSD  AHETSSY SYCC* 
An12g00040 GPSGAGKS SSQTIGVEF WDTAGTERF GNKMT  AVEVSAL SGCC* 
 
The N. crassa (Nc), E. nidulans (En), F. sporotrichoides (Fs) and A. niger (An) sequences are derived from sequences described in Table 1. The other 
database entries are S. cerevisiae (Sc):YPT1 (BAA9201) SEC4 (P07560) YPT31(X72833) YPT32 (X72834) YPT51 (X76173) YPT52 (X76174) 
YPT53(X76175) YPT6(X59598) YPT7(A44334) YPT10 (S32965), S. pombe (Sp):YPT1(X52099) YPT2(X52469) YPT3 (X52100) YPT5 (Z22220) 
RYH(X52475) YPT7(CAB38603) RAB4 (Z98598), C. albicans (Ca): CaSEC4(AAB67974) YPT7(CAA21981), C. glabrata (Cg) SEC4 
(CAA12071), Y. lipolytica (Yl):RYL1(L06069), P. infestans (Pi):YPT1(AAB40355), A. niger An01g06060(XP_001389030) 
An02g06400(XP_001399777) An04g02470(XP_001401615) An15g05740(XP_001397103) An18g02210(XP_001398680) 
An12g00040(XP_001395094) 
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3.5 Expression analysis 
 
Glucoamylase is one of the proteins secreted in major amounts by A. niger, and its 
overproduction has been shown to induce at least one secretion-specific gene (bipA; Punt et al., 
1998). We therefore performed Northern analysis of RNA isolated from cultures grown under 
conditions inducing or repressing the expression of glaA encoding glucoamylase (Verdoes et al., 
1994) with the various srg genes as a probe. As shown in Figure 2, all srg genes are expressed at 
similar levels. In general, the level of expression in xylose and glucose cultures is somewhat higher 
than that in maltose or maltodextrin cultures. Interestingly, the various srg transcripts exhibited 
sizes in the range of 1.2-1.7 kb, which is in considerable excess of that theoretically accounted for 
by the coding region and thus indicates the presence of long stretches of 5' and/or 3' untranslated 
sequences. Similar findings have also been obtained previously for sarA transcript (Veldhuisen et 
al., 1997). Also, the analysis of the various PCR-generated srg cDNA fragments indicated long 3' 
untranslated sequences. Long 5'/3' untranslated sequences are also evident from the sequences of 
the various cDNA clones available in the A. nidulans, N. crassa and F. sporotrichoides databases. 
 
 
 
Figure 2. Expression analysis of the various srg genes after 20 h of growth on different carbon sources (X, xylose; M, 
maltose; Md, maltodextrin; G, glucose) and at different time points (20, 44, 68 and 92 h) after growth on glucose. 
Equal amounts of total RNA were loaded on an agarose formaldehyde gel, transferred to Hybond N+ (Amersham) and 
probed with the different PCR fragments corresponding to the various srg genes. Sizes of the different mRNAs are 
indicated and were determined by the position relative to the small and large ribosomal RNAs (1.85 and 3.5 kb 
respectively). 
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Multiple transcripts were detected for srgA, srgC, srgE and also for sarA (Veldhuisen et al., 1997). 
Interestingly, the largest transcripts of sarA, srgC and srgE were detected at all stages of growth, 
whereas their smaller transcripts were abundant only during the early growth phase (Fig. 2) and 
decreased as soon as the glucose levels in the culture medium were depleted (results not shown). 
The latter behaviour was also observed for the single srgD transcript. In contrast, both srgA 
transcripts and the single srgB transcript were abundant throughout the whole cultivation period. 
 
3.6 SrgA does not complement the corresponding thermosensitive S. cerevisiae mutant 
 
The sequence analysis suggests that srgA could be a functional homologue of S. cerevisiae 
SEC4. However, because of its relatively low level of identity to Sec4 (58%) and the relatively high 
level of identity to members of the Ypt1 subfamily (50-60%), we were interested in whether srgA 
would complement a corresponding S. cerevisiae mutant containing a thermosensitive sec4-8 allele, 
which causes an arrest of secretion and growth at the restrictive temperature of 37°C (Salminen and 
Novick, 1987; Haubruck et al., 1990). To this end, we transformed the sec4 mutant with 
pYES2srgA expressing the srgA protein coding region under the control of the inducible S. 
cerevisiae GAL1 promoter. Control transformations were also performed including the respective 
expression vector pYES2 alone (negative control), as well as pNB139 containing the S. cerevisiae 
SEC4 (positive control). Complementation was assayed by testing for growth on glucose and 
galactose at 30°C, 33°C and 37°C. Although expression of Sec4 resulted in normal growth at all 
temperatures, A. niger srgA (or the vector alone) failed to support growth at 33°C and 37°C under 
both repressing and inducing conditions. Thus, srgA is unable to complement for SEC4 function in 
S. cerevisiae. It should be noted that the accumulation of high levels of srgA mRNA in GUS-1D 
transformed with pYES2srgA could be demonstrated by Northern analysis (data not shown). Thus, 
the failure to complement the SEC4 mutation is not the result of poor expression of srgA. 
 
3.7 SrgA is not essential for cell viability but influences hyphal morphology 
 
Loss of function of SEC4 in S. cerevisiae and other yeasts is lethal (Salminen and Novick, 
1987; Haubruck et al., 1990; Pertuiset et al., 1995; Mao et al., 1999). In order to investigate the 
consequences of a loss of function of srgA in A. niger, vector pΔsrgA was constructed, in which a 
central part of the srgA gene has been replaced by the pyr4 gene of Trichoderma reesei (Gruber et 
al., 1990a). An A. niger pyrG, negative mutant (strain AB4.1) was transformed with the 5.3 kb 
linear fragment of the disruption cassette, and the resulting transformants were selected for growth 
on minimal medium. Two different types of colonies were observed: one (the majority), which 
resembled the wild-type colonies, and another smaller one characterized by a compact, yellow-
pigmented colonial morphology as well as reduced sporulation (Fig. 3A). Southern analysis 
confirmed that the latter colonies contained the disrupted copy of srgA only, whereas in all strains 
with the wild-type morphology, the disruption cassette had integrated ectopically (Fig. 3B). Proof 
that the compact colony morphology was indeed a consequence of srgA gene disruption was 
obtained by restoration of the wild-type phenotype upon retransformation of the disrupted mutants 
with a functional copy of the srgA gene (data not shown). Microscopic examination of the edges of 
the colonies of the srgA mutants revealed that their hyphae were considerably thicker than those of 
the wild type (0.9 versus 1.1-1.8 µm). In addition, they often initiated a characteristic apical 
branching at the hyphal tip (Fig. 3A). Thus, deletion of srgA in A. niger -in contrast to S. cerevisiae 
and other yeasts- is not lethal, but affects hyphal polarity and sporulation. 
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Figure 3. Disruption of the srgA gene. 
A. Comparison of the wild-type strain A. niger N402 and BS18 grown on glucose as carbon source at 30°C. Left, 
colony morphology after growth on plates for 4 days. Right, microscopic examination of the peripheral hyphae of the 
respective colonies. Strains were grown for 2 days on plates covered with cellophane. 
B. Southern analysis of genomic DNA from strains AB4.1, BS12 (ectopic integrated srgA disruption cassette) and 
BS18 (disrupted srgA gene). EcoRI-digested DNA (10 µg) was electrophoresed and blotted on a nylon membrane 
(Hybond-N+ Amersham). The 3.2 kb EcoRI srgA fragment was used as a probe. Molecular weight markers are 
indicated on the right. 
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3.8 A. niger srgA is required for protein secretion on glucose but not on maltodextrin as 
carbon source. 
 
To study the possible importance of A. niger srgA in protein secretion, we compared the 
levels of extracellular protein produced by A. niger N402 and the ΔsrgA strains under low-level 
(glucose) and high-level (maltodextrin) producing conditions. Both strains formed biomass with the 
same rate during growth on glucose, but the biomass production of ΔsrgA strains was slower with 
maltodextrin as carbon source (Fig. 4A). However, when related to the amount of biomass, the 
secretion of protein was strongly reduced in the ΔsrgA strains in the glucose-grown cultures, 
whereas it was similar in the cultures grown on maltodextrin (Fig. 4A). SDS-PAGE showed that 
the reduced secretion of proteins by the ΔsrgA strains on glucose was not caused by the reduction 
of one or a few proteins, but (with some exceptions) occurred with all proteins (Fig. 4B). Western 
blot analysis confirmed this observation, as glucoamylase was clearly reduced under glucose-grown 
conditions but not affected under maltodextrin-grown conditions (Fig. 4C). Western blotting of 5 
µg of intracellular protein of A. niger wild-type and the ΔsrgA strain BS18 grown on glucose and 
maltodextrin showed the accumulation of a significantly increased amount of glucoamylase in 
BS18 on glucose, which is in accordance with an impaired glucoamylase secretion in the ΔsrgA 
strain on glucose (Fig. 4D). It should be noted that all these effects were not caused by the loss of 
the endogenous pyrG gene, as complementation of A. niger AB4.1 to uridine prototrophy with T. 
reesei pyr4 essentially resulted in wild-type growth, protein secretion and morphology (data not 
shown). We therefore conclude that srgA is necessary for the protein secretory pathway operating 
during fungal growth on glucose, although its function can be compensated during growth on 
maltodextrin. 
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Figure 4. Effect of srgA gene disruption on growth, extracellular protein production and GlaA accumulation during 
growth on glucose (Glc) and maltodextrin (Mdx) as sole carbon source (2% w/v). 
A) Biomass production and specific extracellular protein formation (squares represent strain N402, triangles strain 
BS18; open symbols represent glucose cultures, filled symbols maltodextrin cultures). 
B) and C) Comparison of extracellular protein produced after 72 h of cultivation. 
B. Coomassie blue-stained gel of the total culture supernatants. The amount of protein loaded per lane corresponds to 
150 µl of supernatant. 
C) Immunodetection of GlaA in supernatants of BS18. Aliquots of 5 µl (Glc) or 1 µl (Mdx) of the culture supernatant 
were loaded per lane. 
D) Intracellular accumulation of GlaA in BS18. Samples were taken to the time points indicated, and 5 µg of 
intracellular protein extract was loaded per lane. Detection of GlaA was carried out using a monoclonal antibody. 
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4 Discussion 
 
The results described in this paper show that all GTPases previously identified as involved 
in vesicular transport in S. cerevisiae are also present in the filamentous fungus A. niger. However, 
filamentous fungi also possess genes encoding RAB-like proteins that are not present in S. 
cerevisiae. It may be suggested that the more complex multicellular growth behaviour of fungi also 
requires more complex organization of vesicular transport in comparison with S. cerevisiae. In this 
respect, it may be illustrative that the fission yeast S. pombe also contains RAB-like genes not 
present in S. cerevisiae (Table 1). S. pombe may be considered as an intermediate of budding yeast 
and true filamentous fungi. 
Expression analysis of the various A. niger GTPase genes, which we termed srg genes for 
secretion-related GTPases, revealed that all srg genes express mRNAs ranging from 1.2 to 1.7 kb. 
As the coding region of the genes is expected to be only about 0.7 kb in size, this result indicates 
the presence of long 5' and 3' untranslated regions. A similar result is found by analysis of the 
sequences available in the various fungal EST databases. Several of the srg genes show two or 
three differently sized transcripts, of which, in most cases, the largest is present constitutively 
during cultivation. The smaller mRNAs are observed predominantly in the early logarithmic 
growth phase. As has been determined for prokaryotic and some eukaryotic mRNAs (for a review, 
see Brawerman, 1990), we suggest that the steady-state level of the various transcripts may be 
influenced by the presence of 5' and/or 3' untranslated regions of the mRNA molecules. 
Alternatively, long 5' untranslated regions may also be involved in translational control through the 
presence of small upstream (u)ORFs, similar to those observed for several fungal genes (e.g. Han et 
al., 1993; Luo and Sachs, 1996). However, in only a few cases could uORFs be identified in the 
available sequences [Ncypt2, Enrab2, Enypt5b (Table 1), Trsar1 (Veldhuisen et al., 1997)]. It is 
therefore doubtful whether translational control is a general mode of regulation of srg gene 
expression. The fact that the expression of these different transcripts is not related to the level of 
secretion of glucoamylase suggests that these genes are not regulated by the load of the secretory 
pathway. Unfortunately, only very little is known about transcriptional regulation of the RAB/YPT 
GTPases in S. cerevisiae and higher eukaryotes, precluding discussion of more general conclusions 
in this respect. Only recently, with the results obtained with genome-wide transcript profiling 
(DeRisi et al., 1997, Lashkari et al., 1997) have data also become available on the expression of 
these genes in S. cerevisiae. In a recent study (Sagt et al., 2000), it was shown that the expression of 
a heterologous protein in S. cerevisiae resulted in the induction of most YPT family members. 
However, in a similar study looking at unfolded protein response, only induction of YPT10 was 
observed (Travers et al., 2000). 
When the different A. niger GTPases were compared with GTPases present in the yeast 
database, SrgA was the closest relative to yeast Sec4, yet the level of amino acid sequence identity 
was only 72% with S. pombe and only 56% with S. cerevisiae. In addition, the srgA cDNA clone 
was unable to complement a yeast temperature-sensitive (ts) mutant. Hence, we are uncertain 
whether this gene in fact encodes a functional homologue of Sec4. The fact that srgA gene 
disruption -in contrast to SEC4- was not lethal further supports the assumption that the functions of 
srgA and SEC4 differ to some extent. Two other Sec4-like genes -from Volvox carteri (yptV2; 
Fabry et al., 1995) and from Dictyostelium discoideum (SAS1; Saxe and Kimmel, 1990)- were also 
unable to complement an S. cerevisiae sec4 mutation, despite identical effector regions. In 
phylogenetic trees generated for the various YPT/RAB proteins, the SEC4-like proteins form a 
subfamily together with the YPT1-like protein. In this subfamily, the YPT1-like proteins cluster in 
one branch of a tree in which the SEC4-like proteins cluster rather heterogeneously. The 
relatedness of SEC4- and YPT1-like proteins may also be exemplified by the fact that the SrgA 
protein has a similar level of identity to SEC4 as to SrgB. Altogether, these results might also 
reflect functional diversification among the members of the proposed SEC4 family, explaining the 
lack of interspecies complementation in some cases. 
A possible explanation for the fact that the srgA deletion strain is viable could be the 
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presence of a second SEC4 homologue in A. niger. However, extensive database searches in cDNA 
and genomic sequence databases of several related fungi (including the full genome equivalent of 
N. crassa; Tables 1 and 2) did not reveal any evidence for a second SEC4-like gene. 
Despite this caution in the interpretation of the data with srgA, its involvement in protein 
secretion is evident and reveals two intriguing points. One is the carbon source-dependent effect of 
srgA gene disruption on protein secretion, i.e. the significant reduction in extracellular protein 
production during growth on glucose and the small effect during growth on maltodextrin on 
specific proteins. The most likely explanation for this finding would be the existence of two 
different secretory pathways: one constitutive and depending strongly on srgA function and one 
inducible and less dependent on the srgA gene product. This assumption would not be without 
precedent: specialized secretory cells, such as some endocrine cells and nerve cells, have both a 
constitutive and a regulated secretory pathway, which target different species of post-Golgi vesicles 
to the cell surface (Gumbiner and Kelly, 1982). Polarized epithelial cells contain different 
populations of Golgi-derived vesicles, which transport different proteins to different destinations on 
the cell surface (Mostov et al., 1992). The involvement of two different populations of post-Golgi 
vesicles in secretion was also shown in S. cerevisiae (Harsay and Bretscher, 1995) but, here, both 
populations were dependent on Sec4 function. Based on the fact that srgA gene disruption was not 
lethal in A. niger, we speculate that its function in the secretory pathway can be compensated by 
another gene product. If this holds true, then the other gene product may play a more important role 
in the induced than in the constitutive secretory pathway, but its activity may be sufficient to 
maintain the viability of srgA-disrupted strains. 
The other point is the striking effect of srgA mutation on hyphal morphology, i.e. the 
increase in the hyphal diameter combined with a symmetrical apical branching. Polarized hyphal 
growth requires proper targeting of secretory vesicles containing cell wall synthases and hydrolases 
to specific sites of the plasma membrane. In S. cerevisiae, Rho4p (Imai et al., 1996) and the exocyst 
complex (Guo et al., 1999) co-operate with Sec4p in the polarity of budding. Based on this 
background, one could interpret the effect of srgA gene disruption on morphology in terms of 
impairment of function of the specific receptor for vesicles containing the enzymes for cell wall 
turnover. Such an explanation would be compatible with our hypothesis on the existence of two 
different secretory pathways in A. niger by postulating that the constitutive pathway of protein 
secretion also transports the enzymes for cell wall synthesis and degradation and that srgA is 
mainly involved in this pathway. Although this hypothesis still needs approval by experimental 
data, however, the use of a different secretory pathway during growth on glucose may have a major 
impact on fungal protein production. 
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Appendix 
Recently, the complete genome of A. niger is published (Pel et al., 2007). To give a complete 
overview on all sectretion related GTPases in A. niger, recent data is shown in the table below. 
After publication of the A. niger genome a database search for a possible second SEC4 homolog in 
A. niger was performed, database search withSEC4 as a query still revealed the absence of a second 
SEC4-like gene.  
 
 
Part of the supplementary table 16 of Pel et al. (2007): Components of the secretory pathway, secretion related 
GTPases and interacting proteins. 
A.niger orf A.niger gene Description of putative A. niger gene Best homolog 
S. cerevisiae 
Best homolog 
Mammal 
An14g00010 SrgA strong similarity to protein Sec4 - Saccharomyces 
cerevisiae 
YFL005w  
An09g06790 SrgB strong similarity to protein Ypt1 - Saccharomyces 
cerevisiae 
YFL038c 
 
 
An01g06060  strong similarity to protein Rab11 - Mammalian YER031c Rab11 
An15g05740 SrgC strong similarity to protein Rab6 - Mammalian YLR262c Rab6 
 
An04g02470  strong similarity to protein Ypt52 - Saccharomyces 
cerevisiae 
YOR089c 
 
 
An12g00040  strong similarity to protein Rab4 - Mammalian YER031c Rab4 
 
An18g02210  strong similarity to protein Ypt7 - Saccharomyces 
cerevisiae 
YML001w 
 
 
An02g06400  strong similarity to protein Ypt53 - Saccharomyces 
cerevisiae   
YOR089c 
 
 
An07g10340 SrgD strong similarity to protein Ypt31/32 - Saccharomyces 
cerevisiae 
YER031c 
 
 
An14g02260  strong similarity to protein Rab24 - Mammalian YKR014c Rab24 
An02g10450 vps1 strong similarity to GTP-binding protein Vps1 – 
Saccharomyces cerevisiae 
YKR001c  
An11g09910 sec2 strong similarity to protein Sec2 - Saccharomyces 
cerevisiae 
YNL272c  
An02g03120 gdi1 strong similarity to GDP dissociation inhibitor in the 
secretory pathway Gdi1 - Saccharomyces cerevisiae 
YER136w  
An01g04040  secretion-associated GTP-binding protein sarA - 
Aspergillus niger 
YPL218w  
An02g07780  strong similarity to ADP-ribosylation factor 6 ARF6 – 
Homosapiens 
YOR094w  
An08g03690  strong similarity to ADP-ribosylation factor arf1 – 
Ajellomyces capsulatus 
YDL137w  
An11g01790  strong similarity to ADP ribosylation factor 1 ARF1 – 
Toxoplasma gondii 
YDL192w  
An17g00400  strong similarity to ARF GAP zinc finger protein Gcs1 - 
Saccharomyces cerevisiae 
YDL226c  
An18g02490  strong similarity to ARF guanine-nucleotide exchange 
factor 2 Gea2 - Saccharomyces cerevisiae 
YEL022w  
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Abstract 
 
Aspergillus niger SrgC belongs to the Ypt6p/Rab6p subfamily of secretion related small 
GTPases. In yeasts and mammalian cells, Ypt6p/Rab6p has been shown to act in endosome-to-
Golgi and intra-Golgi retrograde transport steps. Loss of function of the srgC gene in A. niger 
resulted in strongly reduced growth leading to short and thickened hyphal compartments, and the 
inability to form conidiospores at temperatures of 37ºC and higher. Protein transport to the vacuole 
in the ΔsrgC strain was studied by expressing a carboxypeptidaseY-eGFP (CpyA29::eGFP) fusion 
protein. Protein secretion was monitored using the glucoamylase-eGFP (GlaA514::eGFP) fusion 
protein. In the ΔsrgC mutant CpyA29::eGFP was accumulated in numerous small sized, round 
organelles, whereas the CpyA29::eGFP was targeted normally to the vacuoles in wild-type cells. In 
the ΔsrgC strain, secretion of the GlaA514::eGFP secretion reporter protein and extracellular 
amylases was still observed, indicating that the extracellular secretion pathway was still functional. 
The phenotype of the ΔsrgC strain is consistent with a role of SrgC in a endosome to Golgi or intra-
Golgi transport step that affects proper vacuole formation. 
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1. Introduction 
 
Filamentous fungi, such as Aspergillus niger are able to secrete large amounts of enzymes. 
Exploring this property, A. niger is extensively used for protein production of both homologous and 
heterologous enzymes [7,22,18]. However, yields of heterologous proteins are in general 100-1000 
times lower compared to homologous proteins. As mRNA levels of genes encoding homologous 
and heterologous proteins are similar, it has been suggested that the bottleneck of secreting 
heterologous proteins is mainly post-translational possibly within the secretory pathway [6]. 
Possible degradation sites for heterologous protein include: the proteosome via the endoplasmic 
reticulum (ER) associated degradation (ERAD) pathway [29]; the vacuole via transport to the 
vacuole and degradation by vacuolar proteases; or in the medium by secreted, extracellular 
proteases [7]. Identification and constructing of mutant- and knockout-strains impaired at distinct 
transport steps of the secretory pathway would allow the identification of possible degradation 
sites. 
The traffic of proteins through the secretory system involves an orderly progression through 
a series of cellular compartments. Proteins destined for secretion (the exocytic pathway) are 
translocated into the ER, sorted into vesicles and transported through the Golgi and subsequently 
sorted into secretory vesicles that fuse with the plasma membrane. In the endocytic pathway, 
proteins are internalized transported to the vacuole. In Saccharomyces cerevisiae, it has been well 
established that vacuolar proteins are transported through the secretory system (ER to Golgi) and 
directed to the vacuole via an intermediate compartment called; pre-vacuolar compartment (PVC) 
[35]. Transport between the different compartments is mediated by vesicles that bud from the donor 
compartments and fuse with the acceptor compartment. The specific vesicular transport steps are 
controlled by specific secretion related small GTPases of the Ypt/Rab subfamily. S. cerevisae 
contains 11 members of the secretion related GTPase which act at different transport steps along 
the secretory pathway [12]. GTPases not only act in forward (anterograde) transport through the 
secretory pathway, some have been implicated in having a role in retrieving proteins and membrane 
components and returning them to their originating compartment (retrograde transport). In the 
recently released genome of A. niger 14 members of secretion related GTPase superfamily 
(members of the Rab- or Arf-subfamilies) have been identified [21]. 
 In this study we analysed the function of one of the GTPases, srgC, by disruption of the 
srgC gene in GFP reporter strains to visualize protein transport to the vacuole and to visualize 
protein secretion. To analyse vacuolar morphology and protein transport to the vacuole, a 
CpyA29::eGFP fusion protein was used as a reporter. To monitor protein secretion, the 
Glucoamylase::eGFP (GlaA514::eGFP) fusion protein was used. Analysis of the localization of the 
GFP-fusion proteins suggests that SrgC is involved in a post-Golgi transport step that is required 
for proper vacuolar formation. 
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2. Materials and Methods 
 
2.1. Fungal strains, media and growth conditions 
 
A. niger N402 (a cspA1 derivative of ATCC9029), AB4.1 (a pyrG negative mutant of 
N402) were used throughout this study. Fungal transformations were done as described by Punt and 
van den Hondel [23]. Protoplasts were obtained by incubating mycelium with lysing enzymes from 
Trichoderma harzianum (L-1412, Sigma, lot no 128H06871) with a final concentration of 2 mg/ml 
at 30°C. For microscopical observations A. niger strains were grown in minimal medium [2] with 
1% of glucose as a carbon source and containing 0.1% casamino acids at different temperatures as 
indicated. The starch halo assay was carried out on MM-plates supplemented with 0.5% maize 
starch, 0.2% maltodextrin, 0.05% TritonX100, 10 mM uridine, and 1.5% Oxoid agar.  
 
2.2. Construction of GFP reporter strains 
 
To target eGFP to the vacuole, the first 29 of a vacuolar protease, carboxypeptidase Y 
(CpyA) from A. niger (Genbank accession no. AAC12000.1) was fused to the eGFP sequence by 
fusion PCR. Primer CPYP1 (5’-
CGGAATTCTCATGAGAGTTCTTCCAGCTGCTATGCTGGTTGGAGCGGCCACTGCGGCC
GTCCCTCCCTTCCAGCAGGTCCTTGGAGGTAACGGTGCCATGGTGAGCAAGGGCGAG
-3’) contains the sequence which encodes for the first 29 amino acids of A. niger CpyA and the first 
6 amino acids of eGFP (bold). The ATG start codon of the CpyA part contains a BspHI site for 
cloning (underlined). CPYP2 (3’-CGGGATCCTTACTTGTACAGCTCGTCCAT-5’) contains a 
BamHI restriction (underlined) and was used with CPYP1 to amplify the CpyA29::eGFP fragment 
using pEGFP (Clontech) as a template. After amplification the PCR fragment was isolated as a 
BspHI-BamHI fragment and used in a three way ligation using a 2.3 kb NotI-NcoI fragment from 
pAN52-1Not (Punt, unpublished), containing the A. nidulans glyceraldehyde 3-phosphate 
dehydrogenase A promoter (PgpdA) region, a 3.4 kb BglII-NotI fragment from pAN56-2 (Genbank 
accession no. Z32690), containing the TtrpC termination sequences and the pUC19 back bone, to 
give PgpdA-CpyA29::eGFP-TtrpC. The CpyA29::eGFP sequence was verified by sequencing. 
PgpdA-CpyA29::eGFP was co-transformed with pAB4.1 to A. niger strain AB4.1. Uridine 
prototrophic transformants were selected and analyzed for the expression of CpyA29::eGFP. One of 
the transformants expressing the vacuolar targeted eGFP fusion protein was selected and named 
MA23.1.1. 
To visualize protein secretion a plasmid containing part of the well secreted glucoamylase 
gene fused to the coding sequence of eGFP regulated by the gpdA promoter was constructed. This 
plasmid, pXW7 (PgpdA-GlaA514::eGFP-TtrpC) was obtained by cloning a 1.5 kb BamHI/EcoRI 
fragment from pXW9 (Weenink, unpublished) containing the coding sequence of eGFP together 
with the A. nidulans trpC terminator, into the corresponding BamHI/EcoRI sites of pAN56-1sGFP 
(Ram, unpublished). After co-transformation with pAB4.1 to A. niger strain AB4.1, uridine 
prototrophic transformants were selected and analyzed for fluorescence using fluorescence 
microscopy. One of the positive strains was selected and named XWA7.45.1. 
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2.3. Cloning and disruption of the Aspergillus niger srgC gene 
 
A genomic library of A. niger N402 in λBlueSTARclone (Novagen) was screened with the 
srgC fragment (Genbank accession no. AJ278660 (cDNA clone F688#5)) [24]. The srgC gene was 
located on a 3.8 kb NotI-BamHI fragment and subcloned into the corresponding restriction sites of 
pBluescript-II SK to give pSrgC. From this subclone the complete srgC open reading frame 
(Genbank accession no. DQ213058), including 0.5 kb promoter and 0.8 kb termination regions 
were determined. The A. niger srgC was disrupted by insertion of the hygromycin B resistance 
gene (hphB) into the unique NheI (+75) restriction site. pSrgC was digested with NheI and a 3154 
bp NheI-XbaI fragment from pAN7-1 (Genbank accession no. Z32698) containing the hygromycin 
B selection marker was inserted. From the resulting plasmid pΔSrgC, the 5.0 kb NotI/KpnI 
fragment was used for transformation [23] to various recipient strains. Hygromycin resistant 
transformants were purified and disruption of the srgC gene was confirmed by Southern blot 
analysis. Therefore, fungal genomic DNA was isolated as described by Kolar et al. [11] and 
digested with BamHI. Hybridisation was done with a 0.8 kb EcoRI-BamHI fragment of the 3’ end 
of srgC as a probe. The ΔsrgC strain expressing the vacuole targeted protein CpyA29::eGFP was 
named XWA14.83.1 and the ΔsrgC made in the strain expressing GlaA514::eGFP was named 
XWA15.12. As a control the ΔsrgC was made in A. niger strain N402 (XWA16.1) or AB4.1 
(AB4.1ΔsrgC) 
 
2.4. Microscopy 
 
Conidiospores of wild-type and mutants strains (1x104 spores/ml) were inoculated in 
growth medium and poured in Petri dishes with sterile cover slips [8]. Strains were grown at 
different temperatures (25ºC, 30ºC, 37ºC and 42ºC) for 24 hours and analyzed with a Zeiss 
Axioplan2 upright microscope. Pictures were taken using an AxioCam MRc5 digital camera 
coupled to the Axioplan microscope with standard DIC settings. Images were collected with 
AxioVision imaging software. For fluorescence microscopy standard FITC filters (ext. 450-495 em. 
505-550) and infinity corrected plan-neofluar 100x/1.3 oil lenses were used. Vacuolar staining 
using CMAC-arg (Molecular Probes) were performed as described [19]. 
For electron microscopy, cells were grown in shake flasks in minimal medium containing 
1% glucose for 20 hours at 30ºC. Mycelium was fixed for 20 minutes in freshly prepared 1% 
KMnO4 (Merck) on ice. The fixed mycelium was then dehydrated by a graded series of ethanol 
(30%, 50%, 70%, 80%, 90%, 96%, 100%) and further dehydrated with 1,2-propylene oxide 
(Merck; 50%, 75% and 100%). The mycelium was infiltrated (25%, 50%, 75% and 100%) and 
embedded in Spurr’s resin [30]. The resin was polymerized for 48 hours at 70ºC. Ultra-thin sections 
(90 nm) were cut with an Ultracut E ultramicrotome (Leica). Sections were post-stained for 10 
minutes with 4% uranyl acetate (Merck) and 2 minutes with 0.4% lead citrate (Merck) [34]. Cells 
were studied using a Tecnai 10 transmission electron microscope (FEI Company) at an acceleration 
voltage of 100 kV. 
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3. Results 
 
3.1. Isolation, cloning and analysis of the srgC gene from A. niger 
 
Previously, we reported the isolation of fragments of genes encoding different secretion 
related GTP binding proteins. One of the fragments (cDNA clone F688#5) showed the highest 
homology with the S. cerevisiae YPT6 gene and was called srgC [24]. To obtain the full genomic 
sequence, a genomic library was screened with srgC PCR fragment from cDNA clone F688#5 as a 
probe. A 3.8 kb NotI-SalI subclone was generated which contained the complete genomic sequence 
of the srgC gene. After sequencing, the clone revealed to contain an open reading frame (ORF) of 
975 bp interrupted by four putative introns, of 65, 68, 128 and 60 bp in length respectively. 
Intron/Exon boundaries all match the consensus boundaries for splicing; GTA/GNGC/T….T/CAG. 
The complete srgC gene encodes a protein of 210 amino acids with a calculated Mr of 23.3 kDa. 
The SrgC protein exhibits all characteristics of a YPT/Rab secretion related GTPase. The protein 
contains the four highly conserved GTP-binding motifs, (G1-G4), the effector domain, and contains 
two cysteine residues at the C-terminus, which are supposed to be isoprenylated [31]. Sequence 
comparison of the SrgC protein towards the S. cerevisiae and human secretion related GTPases 
revealed the highest percentage of identity with the Ypt6p (55.4% identical) and Rab6Ap (72.5% 
identical) proteins from S. cerevisiae and human cells respectively. 
 
3.2. Disruption of the srgC gene in A. niger affects morphology and inhibits conidiation at high 
temperatures 
 
To examine the phenotypic consequences of disrupting srgC, the A. niger wild-type strain 
(N402) was transformed with the disruption cassette (pΔSrgC) and hygromycin resistant 
transformants were selected. Two types of hygromycin transformants were observed. The majority 
of transformants grew as wild-type and a small number of colonies (less than 1%) were slow 
growing and displayed a compact colony phenotype. Several strains that either grew normally or 
compact were purified and analyzed by Southern blot analysis. Analysis of BamHI digested 
genomic DNA showed a shift in size from 5.0 kb in the wild-type to the anticipated 2.4 kb 
hybridizing fragment in the ΔsrgC strain, indicating proper disruption of the srgC gene in the 
transformants with a compact growth phenotype (data not shown). 
Analysis of the growth of the ΔsrgC strain at different temperatures showed a similar strong 
reduction in growth at 25ºC, 30ºC and 37ºC. At 42ºC the phenotype was even more pronounced 
(Fig. 1A). At 37°C and 42ºC the ΔsrgC mutant failed to conidiate (Fig. 1A). More detailed 
microscopical analysis of morphology of the ΔsrgC strain was carried out by inoculating spores in 
liquid medium followed by growth for 24 hours at different temperatures. The results indicate that 
normal hyphal extension is severely disturbed with increasing temperatures which resulted in 
morphologically aberrant germlings (Fig. 1B). 
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Fig. 1. Phenotypical analysis of the srgC disruption mutant. 
Spores were spotted on agar plates with MM with glucose as a carbon source and incubated 14 days at four different 
temperatures: 25°C, 30°C, 37°C and 42°C. (A) A. niger wild-type cells (N402) at the upper row and the ΔsrgC mutant 
at the lower row. (B) Microscopic analysis of the wild-type strain and ΔsrgC strain cultivated for 22 hours at the 
temperature indicated. Scale bar represents 10 μm. 
 
 
The hyphal compartments of the ΔsrgC strain, defined as a part of the hyphae that is 
bordered by two septa, were considerably shorter than in wild-type (7.7 ± 2.3 µm versus 31.9 ± 
3.72 µm). Hyphal compartments of the ΔsrgC strain were also wider than those of the wild-type 
strain (5.15 ± 0.48 µm versus 3.4 ± 0.48 µm) (Quantified at 30°C). Septum formation itself seems 
unaffected in the ΔsrgC mutant as septa were clearly visible in the ΔsrgC strain. Longitudinally cut 
sections of hyphae were examined by electron microscopy (Fig. 2). The most striking difference 
between the wild-type and the mutant is the thickened cells wall of the ΔsrgC mutant. Furthermore, 
the ΔsrgC mutant seems to lack large vacuoles that are readily observed in wild-type cells. Instead, 
the ΔsrgC mutant seems to have multiple smaller sized vacuolar-like structures even in this sub-
apical part of the hyphae (see also below). 
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Fig. 2. Electron microscope images of the wild-type and the ΔsrgC mutant. 
Wild type A. niger strain (N402) and the ΔsrgC mutant (XW16.1) were cultured in liquid medium for 28 hours at 30°C, 
fixed with KMnO4, embedded in Spurrs resin harsh and cut. (A) Longitudinal section of N402 containing nuclei (N), 
Vacuoles (V), Mitochondria (M) with cell wall indicated by W (bar = 10 μm). (B) Higher magnification of the section 
of the A. niger wild-type hyphae (bar = 2 μm). (C) Longitudinally section of the A. niger ΔsrgC mutant showing short 
thick hyphae with numerous small vacuoles (bar = 10 μm). (D) Magnification of the section from the ΔsrgC mutant. 
The ΔsrgC mutant shows thick cell walls (W) and septa (S) (bar = 2 μm). 
 
 
3.3. Vacuolar formation is severely affected in the srgC disruption strain 
The closest homologues of SrgC in S. cerevisiae and in mammalian cells are the Ypt6 and 
Rab6 proteins. Functional analysis of Ypt6p and Rab6p indicate that this sub-family of secretion 
related small GTPases is required for anterograde and/or retrograde transport of proteins between 
the Golgi to the early endosome as mutation in the YPT6/RAB6 genes results in defect in vacuolar 
biogenesis and aberrant vacuolar morphogenesis [32,14,17]. To study the possible involvement of 
SrgC in vacuolar biogenesis a detailed study of vacuole morphology using differential interference 
contrast (DIC) microscopy was carried out for both the wild-type and the ΔsrgC strain when grown 
at different temperatures. In wild-type cells the sub-apical vacuoles are observed as “hollow”-like 
structures (due to the differential refractive index from the cytosol), with a round, spherical shape 
and a size of 0.5-2 µm in diameter. No difference in size of the vacuole was found at the different 
temperatures. Most hyphal compartments contain 1-5 vacuoles (Fig. 3A). Similar as has been 
described in A. oryzae [19], vacuoles in the apical hyphae of A. niger wild-type cells, are generally 
smaller in size and more abundant in number (data not shown). Analysis of the ΔsrgC strain using 
DIC microscopy revealed the absence of large vacuoles throughout the hyphae at different 
temperatures tested (Fig. 3B).  
Vacuoles were also visualized with the vacuole marker, 7-amino-4-chloromethylcoumarin-
L-arginineamide (CMAC-arg, Molecular Probes) [19]. In wild-type cells the staining resulted in the 
detection of large vacuoles similar as was observed by DIC microscopy. When cells of the ΔsrgC 
strain were incubated with CMAC-arg, no intracellular staining was observed (data not shown). 
To study and visualize the process of protein transport to the vacuole and vacuolar 
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biogenesis and a carboxypeptidase Y::eGFP (CpyA29::GFP) fusion was constructed. In S. 
cerevisiae, targeting of CPY to the vacuole is mediated via a four amino acid sequence in the N-
terminal part of the protein (QRPL) [3,33]. Comparison of the N-terminal sequences of CPY from 
S. cerevisiae and A. niger revealed a similar sequence (QQVL) from A. niger aligning with the 
yeast targeting signal. The first 29 amino acids of the A. niger CpyA, including both the N-terminal 
signal sequence for ER import (residues 1-15) and a putative vacuolar targeting signal sequence 
(QQVL; residues 21-24) were fused to eGFP and were sufficient to target GFP to the vacuole in 
wild-type cells (Fig. 3A). The localization of CpyA29::eGFP in the vacuole of wild-type cells was 
compared with CMAC-arg staining and DIC microscopy. When the CpyA29::eGFP expressing 
strain was observed with DIC microscopy the GFP fluorescence co-localized with the “hollow “-
like structures (Fig. 3A). Co-localization of GFP fluorescence in vacuoles of wild-type cells was 
also confirmed by CMAC-arg staining (data not shown).  
Analysis of the ΔsrgC strain, expressing the CpyA29::GFP fusion construct, showed 
fluorescence in numerous small sized, round organelles (Fig. 3B). These structures were not 
detectable with DIC microscopy and CMAC-arg labelling. Large vacuoles, as observed in the wild-
type strain, were absent in the ΔsrgC strain suggesting that the small sized organelles might be 
small pre-vacuolar structures. Analyzing the ΔsrgC strain at different temperatures revealed similar 
small sized fluorescent structures at all temperatures. Furthermore, some fluorescence was found at 
the cell wall (Fig. 3B) which could indicate that some of the CpyA29::GFP fusion protein is 
missorted and secreted. 
 
111 
SrgC, a small GTPase, required for vacuole formation 
 
 
Fig. 3. Visualisation of vacuolar morphology and protein secretion in the wild-type and the ΔsrgC mutants. 
Spores were inoculated in liquid medium (MM) with glucose as a carbon source at four different temperatures, 25°C, 
30°C, 37°C and 42°C and grown for 24 hours. Germinated spores were observed by DIC and fluorescence microscopy. 
(A) A. niger wild-type (N402) carrying the CpyA29::eGFP reporter protein showing fluorescence located at vacuoles 
which are visualized using DIC microscopy. (B) ΔsrgC mutant, harbouring the CpyA29::eGFP reporter construct 
showing GFP fluorescence in small spherical organelles. Some fluorescence is present at the cell wall as is indicated by 
the arrows (C) A. niger wild-type carrying the GlaA514::eGFP reporter protein showing fluorescence located at the cell 
wall. (D) ΔsrgC mutant, harbouring the reporter construct for secretion (GlaA514::eGFP), showing GFP fluorescence at 
the cell wall but also in small spherical organelles (arrows). Scale bar represents 10 μm. 
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3.4. Effect of srgC disruption on extracellular protein secretion 
 
To visualize the consequences of disrupting the srgC gene on extracellular protein 
secretion, we used a strain expressing a glucoamylase-GFP fusion gene (PgpdA-GlaA514::eGFP-
TtrpC). The wild-type strain secretes the glucoamylase-GFP fusion protein that can be detected as 
fluorescence in the lateral cell wall and in septa (Fig. 3C, see also [5]). Microscopic analysis of the 
ΔsrgC strain expressing the glucoamylase-GFP fusion gene, also showed fluorescence in the cell 
wall, indicating that secretion of the fusion protein is still possible. At 25ºC and 30ºC, some 
fluorescence was found in intracellular, small sized round, spherical organelles (Fig. 3D) which 
could indicate that some accumulation of the glucoamylase-GFP fusion protein in an intracellular 
compartment of the secretory pathway occurs. The ability of the ΔsrgC strain to secrete proteins 
was also tested by using a starch halo assay. Even though the ΔsrgC formed a much smaller colony 
after 10 days of growth, the halo, indicative for secretion of starch degrading enzymes, was of the 
same in size as the wild-type strain (Fig. 4). 
 
 
Fig. 4. Halo assay for extracellular starch-hydrolysing activity in wild-type  
and ΔsrgC strain. Strain AB4.1 transformed with the pAN7.1 construct and  
the ΔsrgC strain in the AB4.1 background were grown for 10 days at 25°C. 
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4. Discussion 
 
Small GTPases of the Ypt/Rab subfamily form a distinct group within this superfamily of 
monomeric GTPases [31]. The individual secretion related GTPases are required for a specific 
transport step during the process of protein secretion. However, some GTPases seem to be involved 
in more than one transport step (Ypt1) [10], and multiple GTPases can be involved in the same 
transport step (Ypt1 and Ypt31/32) [10,1]. The function of Ypt6p/Rab6 in S. cerevisiae and 
mammalian cells has been studied in great detail. Initial studies in mammalian cells indicated that 
Rab6 functions in intra-Golgi transport steps [16,17]. More recent, it was shown that Rab6 was also 
involved in the endosome to Golgi transport step [15,27,28]. In S. cerevisiae the loss of function of 
the YPT6 gene resulted in a temperature sensitive growth phenotype and partial defects in 
maturation and missorting of the vacuolar protein carboxypeptidase Y (CPY) as well as defects in 
protein secretion. This led to the conclusion that Ypt6p has a function in transport steps between 
the late Golgi and a prevacuolar, endosome-like compartment [32] as well as intra-Golgi transport 
steps and possibly also in Golgi-to-ER trafficking [13,25]. Deletion of YPT6 has also an effect on 
vacuolar morphology. In ypt6 cells, several small vacuoles were found in stead of a large, single 
vacuole in the wild-type [32]. Like in the ypt6 mutant, electron microscopical analysis of the ΔsrgC 
strain also revealed the absence of large vacuolar compartments (Fig. 2). To further characterize the 
heterogeneously sized membrane structures accumulating in the srgC mutant, a CPY-GFP reporter 
system was developed to visualize transport of proteins to the vacuole. The first 29 amino acids of 
the A. niger CPY protein was fused to GFP which was sufficient to target eGFP efficiently to the 
vacuoles (Fig. 3A). No mislocalisation of CpyA29::eGFP was observed in a wild-type strain even 
though the fusion protein was expressed from the strong gpdA promoter (Fig. 3A). During our 
work, Ohneda et al., published a similar approach to visualize vacuoles in A. oryzae hyphae using 
the complete CpyA gene from A. nidulans [19]. In the ΔsrgC mutant numerous heterogeneous sized 
organelles were observed containing the CpyA29::eGFP fusion protein (Fig. 3B). The size of the 
heterogeneous sized organelles decreased at higher temperature, indicating some temperature 
dependent effect on their formation. To determine whether these membrane structures represent 
small vacuolar compartments, we stained both the wild-type and the srgC mutant with CMAC-arg, 
a described method to stain vacuoles in Aspergillus oryzae [19].  
 Whereas staining with CMAC-arg resulted in clear visualization of vacuoles in the wild-
type strain, no CMAC-arg staining was observed in the srgC mutant. From this we conclude that 
the organelles accumulating in the srgC mutant strain are not small, mature vacuoles which fail to 
fuse. More likely, these compartments may proliferate as a result from a block in antrograde or 
retrograde transport between the Golgi and the vacuole. As SrgC is the probable homologue of 
Ypt6/Rab6, it likely acts between the endosomes and the late Golgi. The loss of SrgC possibly 
affects the retrieval of proteins required for the sorting of CpyA, such as the CpyA receptor Vps10 
[3]. Consistent with this, CpyA29::eGFP was partially missorted to the cell wall and septa (Fig. 3B). 
 To monitor protein secretion we expressed the Glucoamylase514::eGFP fusion protein also 
from the constitutive gpdA promoter. As expected from previous studies, the expression of the 
fusion protein in wild-type cells resulted in a bright fluorescence of cell walls caused by the fact 
that the fusion protein sticks to the cell wall [5]. As shown in Fig. 3D, also in the ΔsrgC mutant cell 
wall fluorescence was observed. The cell wall localization of GFP was confirmed by changing the 
pH of the medium from 6.0 to 4.0 which resulted in the loss of GFP fluorescence in the cell wall 
(data not shown). Some intracellular accumulation of GFP was observed, but the accumulation was 
less pronounced as observed for the CpyA29::eGFP fusion protein. Together with the finding that 
the srgC mutant is still able to secrete starch degrading enzymes efficiently (Fig. 4), we postulate 
that the disruption of srgC has a strong effect on transport of proteins between the Golgi and 
vacuole but has less effect on the secretion of extracellular proteins. 
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Previous studies in Aspergilli have shown that proper formation of the vacuole is required for 
polarized cell growth. In A. nidulans a mutation in digA, a potential homologue of the S. cerevisiae 
pep3/vps18 mutant, has a strong effect on the morphology [4]. Also in A. oryzae, the isolation of 
vacuolar protein sorting mutants resulted in mutants that showed morphological abnormalities [20]. 
Disruption of srgC has also a strong effect on hyphal morphogenesis and resulted in wide and short 
compartments (Fig. 3A and 3C). The morphological and growth defects of the ΔsrgC became even 
more severe at higher temperatures, similar as has been observed in Δypt6 mutants in S. cerevisiae 
and S. pombe [32,9]. The exact relation between vacuole formation and polarized cell growth is 
poorly understood and might involve the vacuolar function in Ca2+ homeostasis as Ca2+ has an 
important role during polar growth in filamentous fungi [26]. 
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Abstract 
 
Although filamentous fungi have a unique property of secreting a large amount of 
homologous extracellular proteins, the use of filamentous fungi as hosts for the production of 
heterologous proteins is limited because of the low production levels that are generally reached. 
Here, we report a general screening method for the isolation of mutants with increased protein 
production levels. The screening method makes use of an Aspergillus niger strain that lacks the two 
major amylolytic enzymes, glucoamylase (GlaA) and acid amylase (AamA). The double-mutant 
strain grows poorly on starch and its growth is restored after reintroducing the catalytic part of the 
glucoamylase gene (GlaA512). We show that the fusion of a heterologous protein, a laccase from 
Pleurotus ostreatus (Pox2), to the catalytic part of glucoamylase (GlaA512–Pox2) severely hampers 
efficient production of the glucoamylase protein, resulting in a slow-growth phenotype on starch. 
Laccase-hypersecreting mutants were obtained by isolating mutants that displayed improved 
growth on starch plates. The mutant with the highest growth rate on starch displayed the highest 
laccase activity, indicating that increased glucoamylase protein levels are correlated with higher 
laccase production levels. In principle, our method can be applied to any low-produced 
heterologous protein that is secreted as a fusion with the glucoamylase protein.  
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1 Introduction 
 
Filamentous fungi, such as Aspergillus niger, have the capability to secrete large amounts of 
proteins into their growth medium. Because several products produced with A. niger have the 
GRAS (Generally Recognized As Safe) status, this filamentous fungus is an attractive host for 
production of homologous and heterologous proteins (Gouka et al. 1997a; Radzio and Kück 1997; 
Archer 2000; Conesa et al. 2000; Punt et al. 2002). In general, the extracellular production of 
heterologous proteins is at least one order of magnitude lower than production of homologous 
proteins, thereby limiting the commercial potential of fungi as a production organism (Archer et al. 
1994; Gouka et al. 1997a; Radzio and Kück 1997). The aim of this study was to improve A. niger 
as a host for protein production and, as an example, we have chosen to improve laccase production 
in A. niger. Laccases are interesting proteins for industrial applications because extensive studies 
have shown the potential of fungal phenol oxidases as a biological alternative for chemical 
oxidative processes, e.g. phenol removal from waste water, pulp bleaching (Karam and Nicell 
1997; Breen and Singleton 1999) and ethanol production (reviewed by Mayer and Staples 2002). 
However, the application of laccases in industrial processes is limited due to the inability to 
efficiently produce large amounts of this class of enzymes in the original host fungus or by 
heterologous production in Aspergillus or in other filamentous fungi (Conesa et al. 2000). pox2 
encodes an extracellular laccase from the basidiomycete Pleurotus ostreatus (Giardina et al. 1996) 
and is used in this study as a model laccase to optimize production. 
Over the last 10 years, several different approaches have been used to optimize production 
of extracellular heterologous proteins. These approaches include (1) the introduction of the 
heterologous gene under control of an efficient fungal promoter, preferably in high copy number to 
maximize transcription of the gene of interest (Verdoes et al. 1994), (2) the use of extracellular 
(Mattern et al. 1992) and intracellular (van den Hombergh et al. 1997) protease-deficient host stains 
and (3) the optimization of cultivation conditions (Schrickx et al. 1993; MacKenzie et al. 1994; Xu 
et al. 2000; Conesa et al. 2001). In most cases, the most successful improvement has been the so-
called gene fusion approach in which the heterologous gene of interest is fused to a naturally well 
secreted protein, a so-called carrier protein (reviewed by Gouka et al. 1997a). In A. niger, 
glucoamylase is mostly used as a carrier protein. Glucoamylase (GAM, EC 3.2.1.3) is a multiple-
domain glycoprotein consisting of three domains. The first 470 amino acids (aa) encode a large 
catalytic domain that catalyze the hydrolysis of alpha-1,4- and 1,6-glycosidic linkages of 
polysaccharides, normally starch, into glucose residues. The C-terminal part of the protein (aa509–
aa616) has been shown to contain a starch-binding domain (SBD). The catalytic domain and the 
SBD are connected by a linker domain (aa471–aa508) that contains many serine and threonine 
residues. The SBD is not essential for the activity of the catalytic domain (Sauer et al. 2000; 
Cornett et al. 2003). Fusion of the catalytic domain to other proteins has often been used in 
combination with the other approaches to improve production of heterologous proteins (Punt et al. 
1991; Verdoes et al. 1994; Gouka et al. 1997b). However, even with the use of the gene fusion 
approach, the levels of production of heterologous proteins are usually lower than that obtained for 
homologous proteins (Gouka et al. 1997b). 
A possible explanation for the low production of heterologous proteins is that improper 
folding of most heterologous proteins triggers a mechanism in the endoplasmic reticulum (ER) 
known as the Unfolded Protein Response (UPR) (Chapman et al., 1998; Saloheimo et al., 1999; 
Welhinda et al., 1999; McCracken and Brodsky, 2000; Valkonen et al., 2003). The UPR is 
activated by the presence of misfolded proteins in the ER and results in the induced expression of 
several foldases and chaperones in order improve protein folding. If proteins fail to fold properly, 
these proteins are transported out of the ER and targeted for degradation the proteasome, by a 
process named ERAD (ER Associated Degradation) (Sommer and Wolf, 1997; Brodsky and 
McCracken, 1999). To increase protein secretion of heterologous protein, chaperones and foldases 
have been overexpressed (van Gemeren et al., 1998; Punt et al., 1998; Wang and Ward, 2000; 
Ngiam et al., 2000). In most cases this overexpression failed to increase the extracellular levels of 
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the heterologous proteins analyzed. In some cases it is reported that the overexpression is 
successful (Conesa et al., 2002). Recently is has been shown that the constitutively expression of 
the transcription factor hac1/hacA mediate the induction of genes involved in UPR, e.g. bipA that 
can have a positive effect on heterologous protein production (Valkonen et al., 2003). 
In this study, we describe a new and generally applicable genetic selection system to select 
for strains with higher production levels of a heterologous protein that is fused to the catalytic 
domain of glucoamylase. To verify our new screening method, we have fused the catalytic domain 
of glucoamylase to a laccase from the basidiomycete P. ostreatus encoded by the pox2 gene. 
Selection of mutant strains with improved glucoamylase production after UV mutagenesis resulted 
in the isolation of several laccase hypersecretion mutants. 
 
 
2 Materials and methods 
 
2.1 Strains, transformation procedures, media and growth conditions 
 
A. niger strains N402 (a cspA1 derivative of ATCC9029; Bos et al. 1988) and MGG029 
(prtT, glaA::fleo r pyrG) (Conesa et al. 2000) were used. Escherichia coli XL1-Blue was used for 
construction and proliferation of vector DNA. Fungal strains were transformed following the 
method described by Punt and van den Hondel (1992). Transformants were selected for on 
acetamide plates (Kelly and Hynes 1985). Aspergillus strains were cultivated at 30°C on minimal 
medium (MM) (Bennett and Lasure 1991) with 1% of glucose, 1% of soluble maize starch (BDH 
30261 CM), or 2% of xylose as a carbon source.  
 
Liquid cultivations were performed in 300-ml shake flasks containing 100 ml Aspergillus 
complete medium, which consists of minimal medium supplemented with 0.5% casamino acids and 
1% (w/v) yeast extract. Cultures were inoculated with 1×107 spores/ml and incubated for 17 h at 
30°C at 250 rpm. Mycelium was separated from the medium by filtration through Myracloth and 
transferred to fresh medium.  
 
The growth curves of the different transformants were determined by dry weight 
measurements. One hundred milliliters of 1% starch medium was inoculated with 1×107 spores/ml 
of the different transformants and grown at 30°C at 250 rpm. Mycelium was harvested at different 
time points (t=52, 76, 120 and 132 h), filtered, washed with distilled water and dried. 
 
2.2 Construction of aamA disruption vector 
 
A 1.5-kb fragment of the A. niger acid amylase gene (aamA) was amplified from 
chromosomal DNA from N402 using primer AMY1 (5′-
GGAATTCGGAGTTTCGGCCAATGAGAG-3′) and AMY5 (5′-
GGAATTCGGRTTRTCRTGRTTYTC-3′) and cloned in pGEM-T resulting in vector pAAMA#10. 
Primer AMY1 was designed based on a partial cDNA encoding the acid amylase (D. Archer, 
unpublished data). Primer AMY5 was designed based on a conserved amino acid region around 
amino acid 315 present in various A. niger acid amylase sequences present in the database 
(database entries A35282, BAA22993, P56271). Acid amylase disruption vector pAO4.2ΔaamA 
was constructed by inserting an internal 0.9-kb BglII fragment from pAAMA#10 into the BglII site 
of pAO4.2 (de Ruiter-Jacobs et al. 1989). 
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2.3 Laccase expression cassettes and plasmids 
 
Expression vectors were constructed using standard cloning procedures (Sambrook et al. 
1989). pUR7894 (obtained from Dr. R. Gouka, Unilever, The Netherlands) contains the glaA2 
coding sequence of A. niger fused to the pox2 cDNA gene of P. ostreatus between A. niger PexlA 
promoter and TexlA terminator sequences. The fusion gene consists of the glucoamylase catalytic 
domain (512 aa) at the 5′ site and the laccase coding sequence (pox2) at the 3′ end (GlaA2∷POX2). 
pXW4 was constructed to place the glucoamylase–laccase fusion gene under control of the 
inducible A. niger glucoamylase promoter and A. nidulans trpC terminator sequences. Plasmid 
pXW4 was constructed by ligating the 1.5-kb NotI/BglII fragment of expression vector pAN56-2 
(van den Hondel et al. 1991) (Z32690), containing the Pgla promoter region and 5′ end of glaA 
coding region, the 2.6-kb BglII/AflII fragment of pUR7894 liberated by partial digestion, 
containing the 3′ end of glucoamylase gene fused to the pox2 coding sequence and the 3.5-kb 
NotI/AflII fragment of pAN52-12 Aspergillus expression vector (P.J. Punt, unpublished data) 
together. Finally, the A. nidulans amdS selection marker was isolated as a 5.1-kb NotI fragment 
from pAmdS-Not (Kelly and Hynes 1985; P.J. Punt, unpublished data) and inserted in pXW4 at the 
unique NotI site to obtain the glucoamylase–laccase expression vector pXW5 (Fig. 1). Vector 
pXW6 was derived from pAN56-2, by inserting the 5.1-kb NotI fragment containing the amdS 
selection marker in the unique NotI restriction site of pAN56-2. The pox2 gene in XW5.2 and 
XW5.2#64 was amplified from genomic DNA using MBL644 (5′-CACCACTACGACGGCTAC-
3′) and MBL858 (5′-ATATCCAGATTCGTCAAGCTG-3′), which correspond to sequences 
flanking the pox2 fusion in pXW5 using SuperTaq-Plus.  
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Fig. 1  Schematic representation of the construction of pXW5 expression vector containing the fusion gene that consists 
of the sequence coding for the A. niger glucoamylase catalytic domain (GlaA G2, aa 1-512) and the P. ostreatus 
laccase gene (pox2), regulated by the A. niger glucoamylase promoter. pXW4 was first constructed from 3 fragments of 
different vectors, a 1.5 kb NotI/BglII fragment of expression vector pAN56-2, containing the Pgla promoter region and 
5` end of glaA coding region, a 2.6 kb BglII/AflII fragment of pUR7894 liberated by partial digestion, containing 3’end 
of glucoamylase fused to the pox2 coding sequence and the 3.5 kb NotI/AflII fragment of pAN52-12. Finally pAMDS-
NotI was digested with NotI. And the isolated 5.1 kb fragment carrying the AmdS coding sequence was inserted into the 
unique NotI site of pXW4. 
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2.4 Mutagenesis and enrichment 
 
UV mutagenesis was performed on freshly isolated spores diluted in 0.9% (w/v) NaCl to a 
final concentration of 1×107 spores/ml. Spores were irradiated with 250 mJ in 5-s time intervals up 
to 1 min (Bio-Rad GS gene linker). After determining the survival rate of the spores at the different 
time points, spores with a survival rate between 40 and 70% were plated on 1% starch medium and 
incubated at 30°C. Each Petri dish (∅9 cm) was inoculated with a concentration of approximately 
104 viable spores, and mutant strains conidiating within 5 and 7 days were assigned as potential 
hypersecretion mutants since the non-mutagenized strain conidiates only after 7 days of incubation. 
Potential hypersecretion mutants were purified and rescreened for both increased laccase activity 
and improved growth on starch. 
 
2.5 Laccase activity assays 
 
Transformants and potential hypersecretion mutants were analyzed for laccase activity 
according to Palmieri et al. (1997), with some minor adjustments. Laccase plate assays were 
performed by spotting 5×105 spores on agar plates containing minimal glucose medium and 
incubated for 2 days at 30°C. Phenol oxidase activity was assayed using a top agarose assay. The 
‘top agarose’ contained 0.5% 2,2′-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS) and 
1% p-hydroxybenzoic acid mixed with 1% agarose dissolved in 40°C McIIIvaine's citrate–
phosphate buffer (pH 4.5). Top agarose (12 ml) was pipetted onto the fungal colonies resulting in a 
covering layer in a Petri dish (∅9 cm). The plates were incubated in the dark for 17 h at room 
temperature and checked for development of green color.  
Laccase stability in A. niger growth medium was measured using purified laccase from P. 
ostreatus (gift from R. Gouka, Unilever, The Netherlands). Growth media were taken from cultures 
of 0, 8, 11, 22 and 26 h after mycelium transfer and to 1 ml of the growth medium 100 ng of 
purified laccase was added. Laccase activity was determined using the spectrophotometric 
measurement at 420 nm as described by Palmieri et al. (1997) after incubation for 1.5 h at 37°C. 
Laccase activity in cell pellets was also measured by the spectrophotometric measurement. Pellets 
from 22-h shake-flask cultivations were isolated by filtration through a Myracloth filter and 
squeezed in a sandwich of three paper towels for 1 min with a weight of 1 kg on top. Mycelium 
with a wet weight of 2.5 g was resuspended in 15 ml McIIIvaine buffer and incubated in a shaker 
with an agitation of 250 rpm at 37°C. After 2 h of incubation samples were centrifuged for 10 min 
at 2,000 rpm. A volume of 990 μl from the upper face was mixed with 10 μl of 10 mM ABTS and 
incubated for 20 h at 30°C. The amount of laccase was determined spectophotometrically using 
purified laccase from P. ostreatus as a standard. 
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3 Results and Discussion 
 
3.1 Construction of starch non-utilizing A. niger strain 
 
As a starting strain for the mutant screen, an A. niger mutant was constructed that lacks the 
two major starch-hydrolyzing enzymes, glucoamylase (GlaA) and acid amylase (AamA). The acid 
amylase gene was amplified from chromosomal DNA using the specific primers AMY1 and 
AMY5. The PCR product was cloned into vector pAO4.2 resulting in vector pAO4.2ΔaamA. This 
vector contains a 1.5-kb amylase coding sequence of A. niger flanked by the A. oryzae pyrG 
upstream and downstream sequences.  
To obtain the A. niger mutant strain that lacks both the glucoamylase and the acid amylase 
encoding genes, strain MGG029 (prtT glaAfleo r pyrG, Conesa et al. 2000) was used. A. niger 
MGG029 is deficient in the expression of several protease genes due to a regulatory mutation 
(Mattern et al. 1992) and contains a deleted glucoamylase gene. Strain MGG029 was transformed 
with vector pAO4.2ΔaamA to disrupt the acid amylase gene. Integration of the disruption cassette 
at the amylase gene locus by a single crossover will result in the disruption of the amylase gene. A. 
niger MGG029-ΔaamA transformants were obtained after selection for uridine prototrophy and 
reduced halo formation on starch medium. Strains with a reduced halo were purified and Southern 
blot analysis confirmed the disruption of the acid amylase gene (data not shown). As expected, 
strain MGG029-ΔaamA has severely reduced growth rate on starch compared to the strain 
(MGG029) in which only the glucoamylase is deleted. Residual growth of the MGG029-ΔaamA 
strain is probably sustained by the expression of enzymes that are capable of degrading starch, e.g. 
alpha glucosidase or additional amylases. The slow-growth phenotype of the MGG029-ΔaamA 
strain was reversed by transforming the strain with the catalytic part of the glucoamylase (GlaA512) 
under the control of the endogenous glucoamylase promoter. This transformant (XWA6.1), 
carrying vector pXW6 (Pgla-GlaA2-TtrpC), showed faster growth on starch medium, indicating 
that growth on starch of the MGG029-ΔaamA strain could be restored by the expression of the 
catalytic domain of the glucoamylase gene (Fig. 2).  
 
Fig. 2  Growth curve of various A. niger strains in batch culture using 1% (w/v) starch as sole carbon source. Biomass 
production of MGG029-ΔaamA, XWA6.1, XWA5.2, and XWA5.2#64 was determined at several time points during 
growth (52, 76, 120 and 132 h after inoculation of equal amounts of spores). Dry cell weight measurements were 
performed in duplicate from two independent cultivations. The error bars indicate the standard deviation of the mean 
dry weights. 
 
 
3.2 Isolation of A. niger transformants expressing POX2 
 
To produce the P. ostreatus laccase protein in A. niger, the laccase-coding gene (pox2) was 
fused with the catalytic domain of glucoamylase. The fusion gene (glaA2::pox2) was placed under 
the control of the inducible glucoamylase promoter (Pgla) from A. niger resulting in the expression 
vector pXW5 (Pgla-GlaA2::POX2-TtrpC) (Fig. 1). pXW5 was transformed to the A. niger 
MGG029-ΔaamA strain using AmdS as a selection marker. Transformants that were able to grow 
on acetamide were purified and analyzed for laccase production. Southern blot analysis of pXW5 
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transformants confirmed the presence of the GlaA2∷POX2 expression cassette (data not shown). 
Transformants carrying pXW5 were analyzed for their laccase production using a laccase activity 
plate assay. Three transformants (XWA5.1, XWA5.2 and XWA5.3) were cultivated on inducing 
(glucose) medium for 48 h followed by an ABTS-agarose overlay assay. These transformants 
showed a development of a weak green color after 17–20 h at room temperature (Fig. 3a), 
indicating the production of very low amounts of laccase activity. No laccase activity was observed 
when the strains were grown on non-inducing xylose medium (data not shown), nor in the strain 
containing only the glucoamylase part (XW6.1) (Fig. 3a).  
 
 
Fig. 3 Plate assay for analysis of laccase (Pox2) production. a ABTS overlay assay on MGG029-ΔaamA transformants, 
containing the GlaA2::Pox2 expression cassette (XWA5.1, 5.2, and 5.3) and the expression cassette with the catalytic 
part of glucoamylase only (XWA6.1). b Detection of laccase production using ABTS overlay assay for a selection of 
mutants that displayed a fast-growing phenotype on starch medium after UV mutagenesis. All colonies displayed in a 
and b are covered with ABTS overlay agarose and incubated at room temperature for 17 h. Strains showing the green 
color are positive for laccase activity. Strain positions are indicated in the drawn template and laccase-producing strains 
are underlined  
 
 
3.3 Production of P. ostreatus Pox2 laccase in A. niger 
 
Laccase producing transformant XWA5.2 and the control strain XWA6.1 were used to 
study laccase protein production levels in shake-flask cultures. Both strain XWA5.2 and XWA6.1 
were cultured for 17 h in shake-flasks under inducing conditions using glucose as a carbon source. 
Mycelium was harvested and transferred in fresh growth medium and cultivation was continued. 
Medium samples were taken 8, 11, 22 and 26 h after transfer. These medium samples were assayed 
for laccase activity as described in Materials and methods. In contrast to the results on agar plates, 
in none of the medium samples could laccase activity be measured. This suggests that the laccase 
protein is inactive or rapidly degraded in the liquid cultivation medium or the laccase protein is not 
secreted in the medium and is retained in the cell wall. To address the first possibility, we 
determined the stability of purified laccase protein after incubation in growth medium. Purified 
laccase protein from P. ostreatus (100 ng/ml) was incubated in growth medium derived from 
cultures grown for 4, 8, 11, 22 and 26 h after the mycelium transfer. Incubation of the laccase 
protein in these growth media showed more than a 50% decrease in activity when incubated for 1.5 
h at 37°C (data not shown). This suggests that the laccase protein itself is not very stable in the 
growth medium. To check whether the laccase fusion protein produced under submerged 
cultivation conditions retains in the cell wall, fungal cell pellets obtained from shake-flask cultures 
were analyzed for laccase activity. Pellets from different time points taken from submerged 
cultivations (4, 8, 11, 22 and 26 h) were put in solid ABTS–top agarose and were incubated at room 
temperature. A green color was observed around all pellets, indicating that the laccase fusion gene 
is actually produced by these pellets and retained within the cell wall. A more intensive green color 
was found for mycelium that was cultivated longer, indicating an increase in laccase protein 
production with time. Laccase activity in cell pellets was quantified by incubating equal amounts of 
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fresh weight cell pellets in McIIIvaine buffer for 2 h. This incubation resulted in the release of the 
laccase from the cell wall. The amount of laccase was determined spectophotometrically using P. 
ostreatus Pox2 as a standard. Under inducing conditions, strain XWA5.2 showed a laccase activity 
of 0.75 ng/g wet weight mycelium, whereas strains that do not contain the glucoamylase–laccase 
fusion protein do not produce any laccase activity (Fig. 4).  
 
 
Fig. 4  Cultures were inoculated with equal amounts of spores and grown under induced cultivation conditions for 22 h. 
A defined wet weight, similar for each strain, was resuspended in McIIIvaine buffer and incubated for 2 h at 37°C at 
250 rpm. Laccase activities were determined using a spectrophotometer in duplicate from two independent cultivations. 
The amount of laccase released from the cell pellet was determined using purified Pox2 from P. ostreatus as a standard. 
The error bars indicate the standard deviation of the mean of two independent experiments. 
 
 
Besides low laccase production levels, the fusion of the laccase to the glucoamylase also 
affected the efficiency by which the glucoamylase carrier was secreted. Growth assays on starch 
indicated that the growth of strain XWA5.2 was less compared to the control strain XWA6.1, 
which contains only the catalytic part of the glucoamylase (GlaA512) under the control of the 
endogenous glucoamylase promoter (Fig. 2). The low production levels and the slow-growth 
phenotype of the transformant expressing the glucoamylase–laccase fusion protein on starch plates 
made it possible to set up a general genetic mutant screen to isolate potential hypersecretion 
mutants. 
 
3.4 Isolation of hypersecretion mutants 
 
The screening method aims for the isolation of hypersecretion mutants using growth on 
starch medium as a positive selection method. The rationale behind the screen is that A. niger 
hypersecretion mutants producing larger amounts of the glucoamylase–laccase fusion protein will 
grow better on starch medium than the parental strain. Transformants containing the glucoamylase–
laccase fusion protein (XWA5.1, XWA5.2 and XWA5.3) were UV-irradiated and mutants were 
selected that grew better on starch plates. After purification, the mutant strains were rescreened for 
improved glucoamylase secretion and for laccase production to confirm the overproduction of the 
heterologous fusion protein. 
A total amount of 500,000 viable spores (104 viable spores per plate) were plated on solid 
medium with 1% starch as a carbon source. In total, 252 mutants were identified as strains with an 
improved growth rate and conidiation on starch. After purification, these strains were screened for 
increased laccase production and improved growth on starch medium. Six mutants were selected in 
which the increased laccase production (Fig. 3b) correlated with an increased growth on starch 
(data not shown). One mutant, XWA5.2#64, showed the highest growth rate, together with the 
highest laccase activity determined by ABTS-agarose overlay assay, and was studied in further 
detail. 
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3.5 Characterization of hyper-secretion mutant XWA5.2#64 
 
Analysis of the growth characteristic of strain XWA5.2#64 on starch plates indicated that 
this mutant showed an improved growth phenotype on starch that was comparable to strain 
XWA6.1, expressing the catalytic part of glucoamylase (data not shown). This observation was 
confirmed by comparing growth curves of the various strains (Fig. 2). This finding suggests that the 
secretion efficiency of the glucoamylase–laccase fusion protein is up-regulated in this mutant 
strain. To determine whether the improved production of the glucoamylase–laccase fusion protein 
was caused by an increased mRNA expression level, Northern blot analysis was performed. RNA 
from mycelium of XWA5.2 and XWA5.2#64 grown under identical submerged cultivation 
conditions was isolated and the expression of the glucoamylase gene was compared and identical 
expression levels were observed (data not shown). This suggests that the mutant strain XWA5.2#64 
has been altered in a post-transcriptional step that results in a higher yield of the glucoamylase–
laccase fusion protein.  
Peberdy (1994) proposed that the secretory capacity of filamentous fungi is intimately 
associated with the process of growth at the hyphal tip and might be enhanced by the increase of 
the number of hyphal tips. Morphological mutants with increased apical surface, called 
hyperbranching mutants, display a three- to fivefold increase of extracellular protein (Lee et al. 
1998) and highly branched mutants of Aspergillus oryzae showed increased glucoamylase 
production in stirred batch cultures (Bocking et al. 1999). Therefore, we compared the morphology 
of stain XWA5.2#64 with the parental strain, XWA5.2, under submerged cultivation conditions. 
The morphology of XWA5.2#64 was indistinguishable from XWA5.2, indicating that higher 
production was not caused by a morphological alteration. 
Although the laccase activity in strain XWA5.2#64 on plates was higher compared to its 
parental strain (Fig. 3), still no laccase activity could be measured in the extracellular medium of 
XWA5.2#64 cultures directly. Therefore, laccase activity was determined on cell pellets as 
described above. The laccase activity of strain XWA5.2#64 showed a sevenfold increase compared 
with laccase activity found for the parental strain XWA5.2 (Fig. 4). The stability of purified laccase 
from P. ostreatus in the growth medium of XWA5.2#64 and XWA5.2 was compared and no 
differences in stability of laccase was found between the medium obtained from XWA5.2#64 and 
XWA5.2 (data not shown). To exclude the possibility that the improved production is caused by a 
mutation within the fusion gene, the pox2 gene was amplified from both the parental strain 
(XW5.2) and the mutant (XW5.2#64) and sequenced. No differences in the sequences between the 
strains were found, indicating that the improved laccase production in this mutant is due to a 
posttranscriptional alteration. 
Using this new screening method, we showed that it is possible to isolate potential 
hypersecretion mutants. The prerequisite for the screening is that the protein of interest is produced 
as a fusion protein with the glucoamylase gene. The initial screening on starch is simple, robust and 
fast. In our hands, we found that six of the eight glucoamylase hypersecretion mutants also secreted 
more of the protein of interest, in our case a laccase. Furthermore, more detailed molecular analysis 
and controlled batch fermentation of the hypersecretion mutant can contribute to the identification 
of factors that improve heterologous protein secretion in filamentous fungi. 
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Summary 
 
Filamentous fungi are multicellular eukaryotic organisms, which represent a separate 
taxonomic group organisms within the fungal kingdom, apart from the yeasts. They are present in 
daily life e.g. as an athletes foot (fungal foot nail infection), in spoiled foods, in French cheeses and 
in nature as mushrooms. Filamentous fungi show a thread-like growth called, the mycelium. These 
fungi always need a substrate to grow on, this can be living or dead material. For growth, organic 
molecules are necessary, which are taken up from the substrate. Before this uptake is possible the 
organic substances need to be broken down. Therefore, fungi possess the capacity to secrete high 
levels of enzymes. Because of this specific property, fungi are already used for centuries as 
miniature factories for the production of extracellular proteins. These proteins can be used for e.g. 
medicines or the food industry. Aspergillus niger is an attractive organism because of its high 
secretion capacity and is frequently used as a model organism. Whereas high production yields can 
be obtained when homologous proteins are expressed, much lower amounts are obtained with the 
production of, heterologous proteins. This low protein yield is likely to be caused by impaired 
secretion of the heterologous protein. This is supported by the fact that the mRNA levels of 
homologous and heterologous proteins are equal and suggests that the bottleneck for production is 
post-translational, possibly within the protein secretion pathway. To be able to improve 
heterologous protein secretion in fungi the (molecular) mechanism(s) of the protein secretion 
pathway was studied and resulted in this thesis. 
To indentify genes and processes important in relation to the secretion pathway of 
filamentous fungi, the model organism Saccharomyces cerevisieae was used as a reference. In 
Chapter 1 an overview of the processes and mechanisms within the secretion pathway is given, 
especially for the secretion pathway in S. cerevisieae. Besides the processes of intracellular protein 
transport, the proteins involved in the different transport steps of secretion pathway are also 
described. 
To study the dynamics of organelle movement and the secretion process, several GFP-
reporter proteins (Green Fluorescent Protein) have been used to visualize intracellular proteins in A. 
niger. In Chapter 2 this development is described. The GFP-reporter proteins made it possible to 
study different cellular processes. The processes that could be visualized were, nuclei migration, 
vacuolar distribution and localization of heterologous proteins. Moreover, it was also possible to 
visualize gene transcription.  
Characterization of the protein secretion pathway in fungi requires the full understanding of 
the role of secretion related small GTP-binding proteins (small GTPases) because these proteins 
have a central role in the different transport steps of the secretion pathway. In Chapter 3 the 
isolation and identification of secretion related small GTPases from A. niger, is described. Most 
secretion related small GTPases from A. niger appear to have a human and yeast homolog. 
Moreover, some secretion related small GTPases have a human homolog but lacks a yeast 
homolog. Because of this, it can be suggested that the secretion pathway in filamentous fungi might 
be more complex than the protein secretion pathway in yeast. The function of the small GTPase, 
SrgA is further characterized. SrgA is the closest relative to S. cerevisiae Sec4. The disruption of 
the gene encoding for SrgA resulted in a mutant with a compact phenotype. Analysis of 
extracellular protein secretion in the mutant shows that the extracellular protein production on 
glucose was severely reduced while the production on maltodextrin was only marginally reduced. 
These results might be explained by postulating the existence of two different secretion pathways: a 
constitutive pathway, highly dependent on SrgA and an additional, inducible pathway that is less 
dependent on SrgA function. 
In Chapter 4, the isolation and characterization of a secretion related small GTPase, called 
SrgC, is described. The disruption of the gene encoding SrgC resulted in the isolation of a 
morphological mutant. Two different GFP-reporter proteins were used to monitor both protein 
secretion and intracellular protein transport in the srgC disruption mutant. It was shown that the 
SrgC protein is mainly involved in the intracellular transport between the Golgi and vacuole. 
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Monitoring intracellular transport to the vacuole with GFP-tagged carboxypeptidase-Y (GFP-CPY) 
revealed abnormally formed compartments. 
Finally in Chapter 5, a new and generally applicable genetic selection system to select for 
strains with higher production levels of a heterologous protein is described. As a model protein 
laccase, from the basidiomycete Pleurotus ostreatus, encoded by the pox2 gene, was used. To 
verify this new screening method, the catalytic domain of glucoamylase was fused to laccase. 
Selection of mutant strains with improved glucoamylase production after UV mutagenesis resulted 
in the isolation of several laccase hypersecretion mutants. 
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Filamenteuze schimmels zijn meercellige eukaryote organismen die een aparte groep 
organismen vertegenwoordigen in het schimmelrijk. Deze schimmels komt men in het dagelijks 
leven tegen bijvoorbeeld als voetschimmel, in bedorven levensmiddelen, in Franse kazen en in de 
natuur als paddenstoelen. Filamenteuze schimmels hebben een draadvormige groei, het mycelium. 
Deze schimmels hebben altijd een voedingsbodem nodig om te kunnen groeien, dit kan levend of 
dood materiaal zijn. Schimmels scheiden grote hoeveelheden enzymen uit. Deze enzymen breken 
de organische stoffen in de voedingsbodem af waardoor de organisch moleculen, die noodzakelijk 
zijn voor groei, uit de voedingsbodem kunnen worden opgenomen. Door deze specifieke 
eigenschap van enzymsecretie worden schimmels al eeuwen gebruikt als miniatuur fabrieken voor 
de productie van eiwitten. Deze eiwitten kunnen worden gebruikt bijvoorbeeld als medicijnen of in 
de voedingsmiddelenindustrie. Aspergillus niger is een aantrekkelijk organisme vanwege zijn hoge 
secretiecapaciteit en wordt veelvuldig gebruik als modelorganisme. De productie van eiwitten door 
schimmels betreft naast homologe eiwitten ook vaak heterologe eiwitten waarbij de productie 
veelal lager ligt in vergelijking met de opbrengst van homologe eiwitten. Deze verlaging in 
eiwitproductie suggereert een suboptimale secretie van heterologe eiwitten. Dit wordt versterkt 
door het feit dat de mRNA niveaus van homologe en heterologe eiwitten gelijk zijn. Dit geeft aan 
dat de beperkende factor voor de eiwit productie post-translationeel, mogelijk in de secretie route, 
is. Voor het verbeteren van de heterologe eiwitsecretie in schimmels is het onderzoek gestart naar 
het (moleculaire) mechanisme van de secretieroute wat heeft geresulteerd in dit proefschrift. 
Om de secretieroute van filamenteuze schimmels, op genetisch- en proces-niveau, goed te 
kunnen begrijpen wordt het modelorganisme voor fermentatie studies, Saccharomyces cerevisieae, 
gebruikt als referentie. In Hoofdstuk 1 van dit proefschrift wordt een overzicht gegeven wat tot nu 
toe bekend is van de secretie route en met name van S. cerevisieae. Naast de processen die 
plaatsvinden tijdens intracellulair eiwittransport zijn ook de eiwitten die betrokken zijn bij de 
verschillende transport stappen in de secretieroute beschreven.  
Om het dynamische karakter en celorganellen van de secretieroute te kunnen bestuderen 
zijn er verschillende reportereiwitten gemaakt zodat intracellulaire heterologe eiwitten 
gevisualiseerd konden worden in A. niger. In Hoofdstuk 2 wordt de ontwikkeling hiervan 
beschreven. Hierbij is gebruik gemaakt van het fluorescerende eiwit GFP (Green Fluorescent 
Protein) wat het mogelijk heeft gemaakt om de cellulaire processen te kunnen bestuderen. Deze 
processen zijn o.a. kernmigratie, vacuolaire verdeling en lokalisatie van heterologe eiwitten. 
Daarnaast was het ook mogelijk om de localisatie van gentranscriptie te kunnen visualiseren.  
Om de secretieroute in schimmels goed in kaart te kunnen brengen is het noodzakelijk om 
de rol van GTP-bindende eiwitten, die specifiek betrokken zijn bij verschillende transportstappen in 
de secretieroute, te karakteriseren. In Hoofdstuk 3 wordt de isolatie en identificatie van 
secretiegerelateerde GTP-bindende eiwitten uit A. niger beschreven. Opvallend is dat sommige 
geïsoleerde secretiegerelateerde genen uit A. niger geen gist homoloog hebben maar wel een 
humaan homoloog. Hierdoor zou gesuggereerd kunnen worden dat de secretie route in 
filamenteuze schimmels complexer zou zijn dan de eiwit secretie in gist. Tevens wordt de functie 
van de GTP-bindende eiwitten genaamd, SrgA en SrgB gekarakteriseerd. SrgA is een vermeend 
Sec4 homoloog. De disruptie van het gen coderend voor SrgA resulteerde in een mutant met een 
compact fenotype. Uit de analyse van de extracellulaire eiwitsecretie van een SrgA disruptie 
mutant, gegroeid op glucose, blijkt dat de extracellulaire eiwitproductie sterk is vermindert terwijl 
de productie door dezelfde mutant maar gegroeid op maltodextrine, nauwelijks was beïnvloed. Een 
mogelijke verklaring hiervoor kan zijn dat er twee verschillende secretie routen bestaan: een 
secretie route verantwoordelijk voor een basis niveau van secretie, gereguleerd door SrgA, en 
daarnaast een induceerbare secretie route die minder afhankelijk is van de functie van SrgA. 
In hoofdstuk 4 wordt de isolatie en karakterisering van een secretie gerelateerd GTP-
bindend eiwit, SrgC genaamd beschreven. De disruptie van het gen coderend voor SrgC leidde tot 
de isolatie van een morphologische mutant. Door gebruik te maken van verschillende GFP-reporter 
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eiwitten in de srgC disruptie mutant wordt aangetoond dat het eiwit voornamelijk betrokken is bij 
het intracellulair transport tussen het Golgi en de vacuole. Vooral het, vacuole gelokaliseerde, 
CPY-GFP (carboxypeptidase-Y-GFP) eiwit liet abnormaal gevormde compartimenten zien.  
Tenslotte wordt in hoofdstuk 5 een nieuwe methode voor het isoleren van hypersecretie-
mutanten beschreven. Als model eiwit is het, voor de industrie interessante, laccase gebruikt. Het 
laccase is gefuseerd met het katalytisch domein van glucoamylase. Door gebruik te maken van een 
amylolitisch deficiënte A. niger stam ontstaat de mogelijkheid tot een positieve selectiemethode 
voor het isoleren van hypersecretie-mutanten. Na UV mutagenese is het op eenvoudige wijze 
gelukt om hypersecreterende mutanten te identificeren. 
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